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General in troduction  & thesis outline

Chapter 1. G e n e ra l in tro d u c t io n  &  thesis o u tlin e

1.1. Microalgae
Phototroph ic m icroalgae are p rokaryotic  or eukaryotic m icroscopic organisms th a t 

are able to  u tilize ligh t energy and use it to  incorpora te  inorganic carbon in the  

fo rm  o f dissolved carbon d ioxide (C 02) and b icarbonate (HC03 ) in to  th e ir  

biomass, w h ile  producing 0 2. Along w ith  the  pho toau to troph ic  species the re  are 

some m icroalgae th a t are capable o f u tiliz ing organic carbon from  com pounds 

such as glucose and glycerol via resp ira tion (he tero trophs). The enorm ous varie ty 

in algae m etabolism  makes m icroalgae very in teresting from  a biotechnological 

po in t o f view  as they  can be used fo r  food , feed, healthcare constituents, 

chemicals, energy and w a te r tre a tm e n t application.

Nowadays, a lo t o f research is done on large-scale m icroalgal p roduction  using 

p ho to trop ic  algae as they  are regarded as th e  m ost prom ising feedstock fo r 

sustainable biodiesel p roduction, as they  can use natural sunlight as ligh t source 

and are able to  u tilize C 0 2 from  flue  gases and nu trien ts  (P, N) from  waste 

streams (Boelee e t al., 2011; Vunjak-Novakovic e t al., 2005) (Figure 1). Compared 

w ith  conventional te rres tria l plants th a t are cu rren tly  used fo r  biodiesel 

production , m icroalgae show high pho tosyn thetic  conversion efficiencies and 

higher areal p roductiv ities (M ata e t al., 2010). They can prosper in d iffe ren t 

ecosystems and do no t com pete fo r  land w ith  crops, ne ither w ith  the  food  m arket 

(Zeng e t al., 2011).
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Figure 1 - Schematic representation o f the environmental factors influencing microalgae
growth

Neochloris o leoabundans  is m entioned as one o f the  m ost prom ising strains o f 

oleaginous green algae (Chlorophyceae) fo r  the  p roduction  o f b iofuels (Li et al., 

2008b). It is a freshw ate r m icroalga th a t can also th rive  at saline m edium  

conditions. Neochloris o leoabundans  is able to  accum ulate lipids in the  fo rm  o f 

triacylg lycero ls (also called trig lyceride  or TAG) and particu la rly  at n itrogen 

de fic ien t conditions, lipid contents up to  56.0 % o f dry w e igh t o f biomass w ere 

reported  w ith  lipid p roductiv ities up to  133 m g.L^.d '1, (Gouveia e t al., 2009; 

Gouveia &  O liveira, 2009; Li e t al., 2008a; Pruvost e t al., 2009; Pruvost et al., 

2011 ).

1.2. Large-scale outdoor cultivation
To make biofuels from  m icroalgae a viable substitu te  fo r  fossil fuels, the  

p roduction  should be sustainable, w hich means th a t the  p roduction  should have a 

low  environm enta l fo o tp r in t, is econom ically com petitive  and th e  algal feedstock 

should be available in su ffic ien t am ounts to  have an im portan t im pact in the  

energy supply chain (Amaro e t al., 2012). A lthough the  p roduction  o f b iofuels 

from  m icroalgae is technologica lly feasible, the  ou td oo r large-scale production  

still presents issues concerning th e  econom ic feas ib ility  and th e  energy required
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(Cheng & Tim ilsina, 2011; Norsker e t al., 2011; Stephens e t al., 2010a; Stephens et 

al., 2010b).

For the  ou td oo r p roduction  the re  are tw o  main algae cu ltiva tion  systems (open 

and closed systems) cu rren tly  being used. Open raceway ponds are the  m ost 

w o rldw ide  used systems as these systems are re la tive ly  cheap. However, low 

biomass densities are achieved and the  areal p roductiv ities  and yields are 

re la tive ly  low  (Norsker e t al., 2011) and the re  is a high risk fo r  con tam ination  by 

bacteria and sudden collapse o f the  cu lture  caused by protozoa and o the r 

predators (Carvalho et al., 2006; Pulz, 2001; Richmond, 1992). W ith  closed 

systems (PBR) higher biomass densities can be achieved and the re  is sm aller risk 

fo r  con tam ination  bu t the re  are o the r bottlenecks to  overcom e to  make large- 

scale p roduction  in these pho tob io reac to r systems econom ically feasible. The 

main bo ttleneck in closed PBRs is the  high energy inpu t th a t is required fo r  m ixing 

to  provide th e  algae w ith  su ffic ien t ligh t and carbon d ioxide and o the r nu trien ts  

and to  rem ove th e  oxygen th a t is produced during photosynthesis (Dismukes et 

al., 2008; Norsker e t al., 2011; W ijffe ls  e t al., 2010). This oxygen needs to  be 

rem oved to  p revent adverse effects via pho toresp ira tion  and p ho to inh ib ition  on 

g row th  and p roductiv ity  o f the  algae.

1.3. Photosynthesis, photorespiration & photoinhibition
In the  pho tosyn the tic  process, w a te r is sp lit in to  oxygen and electrons w ith  ligh t 

as the  driv ing force. The electrons are used to  fix  and reduce carbon d ioxide to  the  

level o f sugar (trióse) in th e  Calvin cycle from  w hich new biomass is fo rm ed. In th is 

Calvin cycle th e  enzyme Rubisco is involved in the  fixa tion  o f C 0 2. Analogous to  

any pho tosyn the tic  p lant cell, m icroalgae generate oxygen during the  

photosynthesis (Figure 2).

In closed photob ioreactors, photosynthesis causes the  evo lu tion  o f dissolved 

oxygen levels equ iva lent to  many tim es the  a ir sa turation. The accum ulation o f 

pho tosyn the tica lly  produced 0 2, and consequently, th e  high partia l 0 2 pressures 

results in inh ib ition  o f photosynthesis, due to  pho toresp ira tion  and

3



Chapter 1

p ho to inh ib ition  (Becker, 1994). This makes dissolved oxygen a crucial param eter 

to  contro l in th e  m icroalgae production  systems (Aiba, 1982).

Photosynthesis

Photosynthesis can be subdivided into two types of reactions: dark reactions, which are not directly 
influenced by light and reactions directly influenced by light. The chloroplast of a green alga contains 
thylakoid membranes in which two types of photosystems (PS I and PS II) are fixed and connected by 

an electron transport chain. In the photosynthesis, the only driving force comes from the light 
excitation of the special electron carriers fixed in the thylakoid membrane aided by particular 

protein complexes. The electrons flow through the electron transport system, from  Photosystem II 
to Photosystem I and reduce the low energy NADP+ to high energy NADPH, and transform the light 
energy into ATP molecules (Vacha, 1995). The latter occurs via electron transport associated with 
pumping of protons across the thylakoid membrane, which develops a gradient of pH that is used to 
the production of ATP by ATP synthase. Next, the energy and reducing power of NADPH and ATP is 
utilized to fix C02 via the action of Rubisco in the Calvin Cycle, or to the synthesis of saccharides in 
the carbon metabolism, from  which new biomass is formed. ADP, Pi and NADP+ are released and 
enter again in photosynthesis (Janssen, 2002; Vacha, 1995).

ADP
NADP-

Light
reaction

Dark reaction

NADPH
ATP

Figure 2 - Simplified scheme o f photosynthesis. Adapted from  Bosma (2010)

Photoresp ira tion is a process characterized by th e  oxygenase activ ity  o f Ribulose- 

1,5-bisphosphate carboxylase oxygenase (Rubisco), th e  principal enzyme involved 

in the  C 0 2 assim ilation in th e  Calvin Cycle (Figure 2) (Raven & Larkum, 2007; 

Vacha, 1995). 0 2 inh ib its  C 0 2 fixa tion  in vivo th rough  com petitive  inh ib ition  o f the  

Rubisco. The oxygenase and carboxylase se lectiv ity o f Rubisco is closely related to
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the  CO2 /O 2 ra tio  in its v ic in ity . This ra tio  decreases in conditions o f high levels o f 

oxygen, leading to  the  reduction  o f th e  carboxylase activ ity  and the  increase o f 

the  oxygenase activ ity  (Osmond, 1981; Raso et al., 2011). The enhanced 

oxygenase activ ity  results in a decrease o f the  m icroalgae p roductiv ity . To 

overcom e th e  oxygenase/carboxylase dua lity  o f Rubisco, and its low  a ffin ity  fo r 

C 0 2, many algae acquired C 0 2-concentrating mechanisms (CCM), w hich are 

evo lu tionary mechanisms th a t use energy to  increase C 0 2 concentra tions in the  

p rox im ity  o f Rubisco (G iordano e t al., 2005).

Photorespiration

When Rubisco fixes C02 w ithout photorespiration per one molecule Ribulose 1,5 biphosphate 
(RuBP) two molecules of 1,3-biphosphateglycerate (l,3bPGA) are formed. One of the l,3bPGA is 
used to generate ATP in the Calvin cycle, while the other can be used as building block for sugars to 

be used to form biomass components. On the other hand, if 0 2 is fixed, only one molecule of 3- 
phosphoglycerate is formed and one molecule of Glycolate 2-phosphate (G2P). G2P is converted in 
glycoxylate, and finally in l,3bPGA, at the cost of C02 and ammonia (NH4+). All these processes 
require ATP and NADPH, which are generated in the light reaction of photosynthesis. Consequently, 
when photorespiration occurs, less energy is available for microalgal growth, decreasing the yield of 
microalgal biomass on light energy (Kliphuis et al., 2010).

P hoto inh ib ition  is ano ther mechanism w hich evokes algal g row th  inh ib ition , but 

th is  process only happens at high ligh t conditions. A t these high ligh t cond itions 

an excessive am ount o f e lectrons is generated at Photosystem II and these 

electrons react w ith  photosyn the tica lly  produced oxygen, fo rm ing  oxygen radicals 

(Figure 3) (M urata  et al., 2007).
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INADPH NADP-

STROMA CuZn-SO D'

Photons

W ater-w ater cycle

In the water-water cycle the 

photoreduction of oxygen to water 
takes place in PS I by the electrons 
generated in PS II (Asada, 1999). In 
the water-water cycle, the 
electrons are used again to reduce 
oxygen, via the reactive oxygen 
species superoxide and hydrogen 
peroxide, w ith the help of the 
enzymes, superoxide dismutase 
(CuZn-SOD) and peroxidase (APX).
These reduced and reactive oxygen 

species are converted to water, 
hence the name water-water cycle.
This cycle is also known as the 

Mehler reaction or pseudo-cyclic 
electron transport and serves to 
scavenge the reactive oxygen 

radiais and toxic H20 2. This process 
occurs only at high (i.e over-saturating) light intensities and/or nutrient limitations, leading to an 
over-reduction of the photosynthetic system (Asada, 1999; Ledford & Niyogi, 2005).

Figure 3 - Formation o f oxygen radicals in the water-water 
cycle during photosynthesis. Adapted from  Asada (2006)

These oxygen radicals are usually dea lt w ith  in th e  w a te r-w a te r cycle, bu t when 

to o  many electrons are generated, the  enzymes in the  w a te r-w a te r cycle are no 

longer capable o f dealing w ith  th e  surplus o f e lectrons and oxygen radicals and 

o the r reactive oxygen species (ROS) such as H20 2 are accum ulating and th is has a 

destructive  e ffect on biological systems (Asada, 2006; Asada, 1999; Endo & Asada, 

2008).

6



General in troduction  & thesis outline

STROMA

Photons

Figure 4 - Generation o f singlet oxygen. Adapted 
from  Asada (2006)

Photons captured by P680 cause excitation of P680 
and when it falls back to the ground state the energy 
is used to reduce water resulting in formation of 
oxygen and 4H+ ions. In case of high light conditions a 
surplus of light falls at P680 and the surplus of energy 
is transferred to other pigments (Pheo, Q a - Q b )  and 
used fo r formation of trip le t state P680 (SP680). The 
energy released when SP680 returns to the ground 
singlet state (1P680) the energy is partly used to 
transfer trip le t state oxygen (s0 2) into the highly 
reactive singlet oxygen (10 2).

Photoactivation

Furtherm ore, th e  fo rm a tion  o f singlet oxygen is bound to  occur at high light 

intensities. This highly reactive com pound is produced photochem ically, via 

pho toactiva tion  (Triantaphylides et al., 2008) (Figure 4). The singlet oxygen can 

"a ttack" pho tosyn the tic  pigm ents in PSII, causing pho to-oxidative  damage.

A lthough th e  inh ib iting  effects o f oxygen have been described in deta il, in only a 

fe w  studies th e  e ffect o f 0 2 was measured as param eter, independent o f the  light 

(Kliphuis e t al., 2011; M olina et al., 2001; Ogren, 1984; Raso et al., 2011). The 

effects on g row th  thus o ften  re flec t a com bined e ffect o f light, pH and oxygen on 

photosynthesis (Torzillo e t al., 1998; Ugwu e t al., 2007).

1.4. Thesis outline
In th is  thesis the  e ffect o f accum ulating oxygen on the  g row th  o f Neochloris 

oleoabundans is studied at sub- and near-saturating ligh t conditions in a fu lly  

contro lled  pho tob io reacto r operated in tu rb id o s ta t m ode (Figure 5) to  reveal to  

w ha t exten t the  oxygen inh ib its  th e  g row th  o f the  algae and w ha t oxygen 

concentra tions w ou ld  still lead to  acceptable g row th  rates o f the  algae. In 

add ition, th e  oxygen accum ulation w hich may occur in closed photob ioreactors 

was m im icked and the  effects o f these dynam ically changing oxygen cond itions on 

th e  algal g row th  w ere  examined. W ith  th e  generated know ledge it has been 

possible to  p red ict the  m in im um  am ount o f energy needed to  keep th e  oxygen

7
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level su ffic ien tly  low  and calculate th e  energy savings th a t are possible w hen an 

ou t-doo r tu bu la r pho tob io reac to r system is operated at large scale using these 

m inim ized m ixing and degassing conditions.

Figure 5 - Lab-scale CSTR photobioreactor used in the experiments.

Chapter 2 o f th is  thesis describes the  e ffect o f partia l oxygen pressure on g row th  

o f Neochloris oleoabundans at sub-saturating ligh t in tens ity  in a fu lly -con tro lled  

stirred  tank  pho tob io reacto r. In th is  w o rk  we studied 3 d iffe ren t partia l oxygen 

pressures (Pq2) and evaluate its e ffect on specific g row th  rates. 2 d iffe ren t partia l 

carbon d ioxide pressures (PCo2) at th e  highest PO2=0.84 bar w ere considered and 

used to  confirm  the  presence o f pho toresp ira tion  phenomena and to  overcom e it. 

In chapter 3 a continua tion  o f the  study o f chapter 2 was perform ed at near- 

sa turating ligh t intensities. The e ffect o f partia l oxygen pressure on g row th  o f 

Neochloris o leoabundans  was evaluated at 4 d iffe ren t partia l oxygen pressures 

(Po2= 0.24; 0.42; 0.63; 0.84 bar) as well as an increase o f the  PC02 from  0.007 to  

0.02 bar at Po2 o f 0.84. The specific g row th  rates and p igm ent con ten t o f the  

m icroalgae w ere used to  assess the  presence o f phenom ena like photoaclim ation , 

p ho to inh ib ition  and pho tooxida tive  damage.

In chapter 4 and 5 the  effects o f the  increase o f the  oxygen concentra tion 

fo llow ed  by a decrease o f the  oxygen in the  degasser w ere sim ulated at low  and

8
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high ligh t in tens ity  and th e  e ffect o f a 10 tim es e longation o f th e  residence tim e  at 

in th e  solar receiver was investigated. The light regimes used were: continuous 

ligh t ON; 30 m inutes o f ligh t ON fo llow ed  by 6 m inutes lights OFF and 300 m inutes 

o f ligh t ON fo llow ed  by 6 m inutes lights OFF. The e ffect o f dynam ically changing 

oxygen concentra tions from  PO2=0.21 bar to  PO2=0.63 bar fo llow ed  by subsequent 

degassing to  PO2=0.21 bar during th e  dark period resulted in s im ilar specific 

g row th  rates. The decrease o f the  algae specific g row th  observed when applying 

d iffe ren t ligh t regimes, shows th a t the  exposure o f the  algae cells to  dark periods 

in the  degasser has bigger negative im pact than the  tem pora ry  exposure to  

accum ulating oxygen concentra tions in the  solar receiver. In chapter 5 these 

results the  same results w ere found  ind icating th a t th e  algae do no t experience 

the  expected pho to-oxidative  inh ib ition  caused by high oxygen concentra tion  in 

com bina tion  w ith  high light, as long as the  oxygen is rem oved via regular 

degassing.

In chapter 6 a model w hich was developed to  calculate the  energy and costs 

associated to  m icroalgae biomass p roduction  in th e  Netherlands fo r  th ree  

d iffe ren t systems at 100 ha scale was used to  evaluate the  im p lem enta tion  o f the  

findings described on the  previous chapters. Chapter 6 is a general discussion 

about the  e ffect o f th e  reduction  o f the  costs fo r  degassing and its influence on 

th e  overall costs and net energy balance.
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G row th o f  the m icroalgae Neochloris o leoabundans a t high p a rtia l oxygen
pressures and sub-satura ting  lig h t in tensity

Chapter 2. G ro w th  o f  th e  m ic ro a lg a e  N e o c h lo ris  

OLEOABUNDANS AT HIGH PARTIAL OXYGEN PRESSURES AND SUB- 

SATURATING LIGHT INTENSITY

Claudia Sousa1,2, Lenneke de W i n t e r 2, Marcel Janssen2, M arian H. Verm uë2 and 

Rene H. W ijffe ls2

1 Wetsus, P.O. Box 1113, 8900 CC Leeuwarden, The Netherlands

2 Bioprocess Engineering, Wageningen University, P.O. Box 8129, 6700 EV, Wageningen, 

The Netherlands

A bstrac t - The e ffect o f partia l oxygen pressure on g row th  o f Neochloris 

oleoabundans  was studied at sub-saturating ligh t in tens ity  in a fu lly -con tro lled  

stirred  tank pho tob io reacto r. A t the  th ree  partia l oxygen pressures tested (Po2= 

0.24; 0.63; 0.84 bar), th e  specific g row th  rate was 1.38; 1.36 and 1.06 day"1, 

respectively. An increase o f the  PC02 from  0.007 to  0.02 bar a t Pq2 o f 0.84 bar 

resulted in an increase in th e  g row th  rate  from  1.06 to  1.36 day"1. These results 

confirm  th a t th e  reduction  o f algal g row th  at high oxygen concentra tions at sub- 

saturating ligh t conditions is m ainly caused by com petitive  inh ib ition  o f Rubisco. 

This negative e ffect on g row th  can be overcom e by restoring the  0 2/C 0 2 ratio  by 

an increase in the  partia l carbon d ioxide pressure. In com parison to  general 

practice (Pq2=0.42 bar), w ork ing  at partia l 0 2 pressure o f 0.84 bar could reduce 

the  energy requ irem en t fo r  degassing by a fa c to r o f 3 to  4.

Key w ords : Neochloris oleoabundans, photosynthesis, oxygen inh ib ition , 

pho toresp ira tion, pho tob io reacto r

Sousa, C., de Winter, L., Janssen, M., Vermuë, M.H., Wijffels, R.H. 2012. Growth o f the 
microalgae Neochloris oleoabundans at high partial oxygen pressures and sub-saturating 
light intensity. Bioresource Technology, 104, 565-570.
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2.1. Introduction
Lipid-rich p ho toau to troph ic  m icroalgae such as Neochloris oleoabundans are 

prom ising renewable resources fo r  biodiesel p roduction, because o f th e ir  high 

p roductiv ity  and because th e ir  p roduction  does no t have to  com pete w ith  food  

(Chisti, 2007; Schenk e t al., 2008; W ijffe ls  and Barbosa, 2010). However, large- 

scale ou td oo r production  o f m icroalgae is no t ye t econom ically feasible. High 

energy inputs are required fo r  m ixing to  provide the  algae w ith  ligh t and carbon 

dioxide and to  rem ove th e  photosyn the tica lly  produced oxygen (Dismukes e t al., 

2008; Norsker e t al., 2010; W ijffe ls  e t al., 2010). W hen oxygen accumulates in the  

cu ltu re  m edium , p ho to inh ib ition  and pho toresp ira tion  take place, leading to  a 

decrease in biomass yield on ligh t energy (Torzillo e t al., 1998). P hoto inh ib ition  

occurs m ainly at high and over-satura ting ligh t intensities. A t those cond itions an 

excess o f e lectrons is generated in Photosystem II and these w ill react w ith  the  

photosyn the tica lly  produced oxygen, leading to  the  fo rm a tion  o f oxygen radicals 

(M ura ta  e t al., 2007, Pospísil, 2011). In add ition , ligh t stim ulates th e  fo rm a tion  o f 

singlet oxygen via pho to-activa tion  (Triantaphylides et al., 2008) which damages 

th e  photosystem s o f the  algal cells.

Photoresp ira tion is associated w ith  the  oxygenase activ ity  o f th e  enzyme Rubisco. 

The accum ulation o f oxygen ( 0 2) w ill lead to  an increase o f the  local 0 2/C 0 2 ratio  

and, consequently, to  reduced carboxylase activ ity  and increased oxygenase 

activ ity. Overall th e  p roductiv ity  o f the  m icroalgae cu lture  w ill decrease (Osmond, 

1981). Photoresp ira tion only occurs in the  dark reaction o f photosynthesis and is 

thus no t re lated to  fo rm a tion  o f reactive oxygen species occurring at high- and 

over-satura ting ligh t conditions. A t sub-saturating ligh t in tensities pho to inh ib ition  

is negligible small, w hich makes pho toresp ira tion  th e  dom inan t process leading to  

reduced pho tosyn the tic  yield under oxygen accum ulation.

During pho toresp ira tion, C 0 2 and am m onium  (NH4+) are lost and th e ir  re-fixa tion  

requires add itiona l ATP and NADPH. This means th a t less energy is available fo r  

g row th  and th e  biomass yield on ligh t energy w ill decrease when pho toresp ira tion  

occurs (Kliphuis e t al., 2010). The pho to resp ira to ry  pathw ay thus has an influence 

on the  pho tosyn the tic  yield w hich can be defined as the  am ount o f C 0 2 fixed per 

am ount o f ligh t energy absorbed and, as such, w ill d irectly  influence the  

p roductiv ity  o f m icroalgae cultures.
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Although the  inh ib iting  effects o f oxygen have been described in deta il, in hardly 

any o f the  reported  studies th e  e ffec t o f 0 2 was measured as independent 

param eter (Kliphuis e t al., 2011; M olina et al., 2001; Ogren, 1984; Raso e t al., 

2011). The effects on g row th  o ften  re flect a com bined e ffect o f light, pH and 

oxygen on photosynthesis (Torzillo et al., 1998; Ugwu e t al., 2007). In the  present 

study, the  e ffect o f partia l oxygen pressures on th e  g row th  o f Neochloris 

oleoabundans at sub-saturating ligh t cond itions in a fu lly  contro lled  

pho tob io reac to r operated in tu rb ido s ta t m ode was determ ined. The specific 

g row th  rate as w ell as the  biomass yield on photons under th ree  d iffe ren t partia l 

oxygen pressures (Pq2 = 0.24; 0.63; 0.84 bar) w ere  measured. A t the  highest 

partia l oxygen pressure (0.84 bar) th e  e ffect o f increasing the  partia l carbon 

dioxide pressure was determ ined to  assess w he ther pho toresp ira tion  could be 

reduced by decreasing the  0 2/C 0 2 ra tio  in the  m icroalgae cu lture.

2.2. Material and methods

2.2.1. Cultures and medium
Neochloris oleoabundans (UTEX 1185) cultures w ere  m aintained in 100 ml liquid 

cultures in 250 ml Erlenmeyer flasks closed w ith  porous stoppers (Bio-silico, 

Hirschmann Laborgeräte GmbH & Co.KG, Germany). The flasks w ere  placed in an 

incubator w ith  o rb ita l shaker (Innova 44R, New Brunswick Scientific, USA) under 

fluorescent ligh t (40 pm ol m"2 s"1) at 25 °C and 120 rpm. The air inside the  

incubator was enriched w ith  2% carbon dioxide.

Adapted f /2  m edium  (Guillard and Ryther, 1962) was used to  grow  and m aintain 

Neochloris o leoabundans  cultures. The m edium  was composed o f a rtific ia l sea 

w a te r (in m M ): NaCI, 419; MgCI2.6H20 , 48.2; CaCI2.2H20, 3.6; Na2S04, 22.5; 

K2S04, 4.9. The a rtific ia l sea w a te r was enriched w ith  th e  fo llow ing  nu trien ts  (in 

m M ): NaH2P04.2H20 , 2.50; N aN 03, 32; trace  elem ents (in pM ): EDTA-FeNa, 29.3 

CuS04.5H20 , 0.10; Na2M o 0 4.2H20 , 0.07; ZnS04.7H20 , 0.19; CoCI2.6H20 , 0.19; 

M nCI2.4H20 , 2.27; v itam ins (pg L"1): th iam ine , 200; b io tine , 1.00;

cyanocobalam ine, 1.00. The pH was adjusted to  7.8 w ith  0.5 M NaOH and the  

m edium  was sterilized via filtra tio n  th rough  0.22 pm filte rs . For the  reactor
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experim ents th e  cu lture  media was enriched w ith  NaHC03 to  a fina l concentra tion 

o f 10 m M .

2.2.2. Photobioreactor
Continuous tu rb id o s ta t experim ents w ere  perform ed in a 3 L jacketed b io reactor 

(Applikon Biotechnology, The Netherlands) (Fig. 1). The in terna l d iam ete r was 

12.5 cm and the  liqu id  vo lum e was 2 L resulting in an illum inated  surface o f 0.061 

m 2 (Ar). The reactor was equipped w ith  a m arine im pelle r. All sensors and 

regulators w ere connected to  an Ez-controller equipped w ith  Bioexpert® softw are 

(Applikon Biotechnology, The Netherlands).

The measured and contro lled  process param eters w ere: pH; tem pera tu re ; oxygen 

and carbon d ioxide partia l pressure in th e  liqu id  phase (Po2 and PCo2); liqu id  level; 

s tirre r speed and optical density (OD). The pH was m aintained in the  range 7.8 ± 

0.15 by au tom atic  add ition  o f gaseous carbon d ioxide (C 02). Tem perature  was 

m aintained at 25°C. The partia l oxygen pressure increased as a result o f 

photosynthesis and was m aintained at the  desired level by au tom atic  add ition  o f 

gaseous d in itrogen (N 2). The speed o f the  m arine im pelle r was kept constant at 

250 rpm . The optica l density was contro lled  at 0.55 CU using a tu rb id ity  sensor 

(ASD19-N, Optek, Germany) connected to  a peris ta ltic  pum p autom atica lly  adding 

fresh m edium  to  th e  reactor w hen required. The liqu id  level was m aintained by a 

level sensor con tro lling  ano ther peris ta ltic  pum p to  rem ove excess cu lture.

The Clark type  Pq2 sensor (Low D rift sensor, Applisens, The Netherlands) was 

calibrated inside the  pho tob io reac to r w ith  g row th  m edium  using pure 0 2 giving a 

Po2 o f 1 bar. The PC02 sensor was based on a pH sensor equipped w ith  a C 0 2 

selective m em brane (InPro 5000, M e ttle r Toledo, Switzerland) and was calibrated 

sim ilarly bu t w ith  4% v /v  C 0 2 enriched a ir giving a PC02 o f 0.04 bar.
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Stirrer

C02

EZ-controller N2
MFC

OD

Figure 1 - Experimental set-up (not on scale).
S = gas distributor, M  = marine impeller, P = peristaltic pumps, Po2 = partial oxygen 

pressure, OD = optical density or turbidity, Ez- controller = reactor control unit, MFC = mass 
flo w  controllers fo r  carbon dioxide (C02) and nitrogen (N2)

The cu lture  was continuously illum inated  w ith  tw o  ligh t panels (20x20 cm) w ith  

red (627 nm) LED lights (SL3500, Photon Systems Instrum ents, Czech Republic). 

Under operating conditions the  emission peak shifts to  higher wavelengths due to  

lamp heating and a peak in tensity  o f 635 nm was used in the  calculation o f the  

ligh t gradient. The panels w ere placed at both  sides o f the  reactor and a plate o f 

opal glass was placed in fro n t o f the  ligh t panels to  ensure b e tte r light 

d is tribu tion . Reflective m ateria l was placed on th e  screens surrounding the  

reactor to  homogenize th e  ligh t fu rth e r (Appendix 2A). The inc ident ligh t in tensity  

was measured w ith  a PAR quantum  sensor (model SA-190, LiCor Biosciences, USA) 

before  the  s ta rt o f each experim ental run. The m easurem ents w ere  done at 

d iffe ren t heights and radial positions to  de te rm ine  the  average incident photon 

flu x  density (PFD avg). The average value fo r  th e  d iffe ren t experim ents was always 

betw een 187 and 210 pm ol m"2s-1. (Appendix 2A)

2.2.3. Dry weight concentration
The de te rm ina tion  o f the  dry w e igh t concentra tion  o f reactor samples was done 

in trip lica te . Samples o f 5 mL w ere d ilu ted  w ith  10 ml am m onium  fo rm a te  (0.5 M).
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The d ilu ted  samples w ere  filte re d  over pre-weighed glass fib e r-filte rs  (W hatm an 

GF/F) and washed w ith  an add itiona l 40 ml o f am m onium  fo rm a te  (0.5 M). The 

filte rs  w ere  dried at 95 °C fo r  24 hours in a lum inum  trays, a llowed to  cool dow n in 

a desiccator fo r  at least tw o  hours, and weighed (ME235P-SD, Sartorius, 

Germany).

2.2.4. Specific absorption coefficient
Light absorption by th e  m icroalgae cells was measured in a specialized 

spectropho tom ete r set-up to  m in im ize the  e ffec t o f ligh t scattering on the  

absorption m easurem ent. A sample w ith  extinction  at 680 nm (chlorophyll 

absorption peak) betw een 1.8 and 2.2 was used, as measured in a 1 cm cuvette  in 

a spectrophotom ete r (Beckman DU®640, Beckman Coulter, USA). The absorbance 

was then  measured w ith  a fib e r optic  CCD based spectrophotom ete r (Avantes, 

The Netherlands). The sample was placed in 2 mm light path cuvette  (Hellma, 

100.099-OS, 2 mm light path) and illum ina ted  w ith  an AvaLight-Hal ligh t source via 

a FC-IR600-1-M fib e r equipped w ith  a co llim ating  lens. An in tegra ting  sphere 

(AvaSphere-50) was d irectly  placed behind the  cuvette  and connected to  the  

Avantes Avaspec-2048 de tec to r via another FC-IR600-1-M fibe r. The resulting 

absorbance was measured from  400 nm to  750 nm. The average absorbance from  

740 nm - 750 nm was subtracted from  the  absorbance betw een 400 nm and 700 

nm, thus correcting fo r  residual scattering (Dubinsky e t al., 1986). The 

w ave length-dependent d ry w e igh t specific absorption coeffic ien t (a¿ m 2 g"1) was 

calculated based on th e  absorbance (ABS) at wavelength A, th e  dry w e igh t (Cx, g 

m"3), the  ligh t path o f th e  cuvette  (/, m) (equation 1):

The ligh t g rad ient inside th e  b io reactor has been estim ated using Beers' law and 

th e  geom etrica l re la tionship  derived fo r  cylindrical vessels (Evers, 1991) w ith  a 

m od ifica tion  to  account fo r  th e  use o f a f la t cosine receiver as ligh t sensor 

(Appendix 2B.). The biomass-specific absorption coeffic ien t was used fo r  th is 

calculation. The fu ll absorption spectrum  o f a d ilu ted  Neochloris oleoabundans 

cu ltu re  grown at 200 pm ol m"2 s"1 can be found  in Appendix 2C.

2 .303- ABSÄ
(D
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2.2.5. Photosynthesis-irradiance curve (PI- curve)
In o rder to  confirm  th a t the  (average) PFD inside th e  pho tob io reac to r indeed 

imposes sub-saturating ligh t conditions, a photosynthesis irradiance (PI) curve was 

determ ined fo r  Neochloris oleoabundans. The sample fo r  the  PI curve 

m easurem ent was taken from  a batch cu lture  in a fla t panel pho tob io reac to r w ith  

2 mm light path. Light in tensity  on the  surface was set to  200 pm ol m"2 s"1, 

tem pera tu re  was 30 °C, pH was 7.5 and the  air flo w  rate  was 0.70 L L"1 m in"1 

enriched w ith  2% C 0 2. The sample was taken when th e  biomass density was 1.5 

gDW L"1 and the  algae w ere exposed to  re la tive ly  low  light intensities. The specific 

oxygen production  rate was measured w ith  a Biological Oxygen M on ito r (BOM) 

(Hansatech Instrum ents Lim ited, N orfo lk  England). The DW3 e lectrode cham ber o f 

Hansatech had a ligh t path o f 2 cm w hich was illum inated  w ith  a LH36/2R red LED 

ligh t source (peak wavelength 655 nm). The e lectrode cham ber was filled  w ith  9 

ml o f buffered  m edium  w ith o u t any carbon. The m edium  was then  flushed w ith  

pure d in itrogen fo r  10 m inutes. Subsequently, 3 ml o f sample and 80 pL o f 0.75 M 

NaHC03 so lu tion w ere added. The rate o f dark resp ira tion was fo llow ed  fo r 

several m inutes a fte r which the  net specific oxygen p roduction  rate was fo llow ed  

fo r  3 m inutes at 10 d iffe ren t PFD levels. Corresponding gross rates o f 

photosynthesis w ere  then  calculated by adding the  measured dark resp ira tion to  

th e  measured net rates o f oxygen evolu tion.

2.3. Results and discussion

2.3.1. Light regime
Photoresp ira tion is expected to  be th e  dom inant process leading to  g row th  

inh ib ition  because o f oxygen accum ulation under sub-saturating ligh t conditions.

21



Chapter

(O
2.0o

c0)
D)>
Xo
ö
E
=L

max

(0
'w0)
c>*W
5ox:
Q_
(0
</)o1—
o 0.0 ê -  

0 200 4 00 600 800 1000

PFD (|j,mol m"2 s"1)

Figure 2 - Gross rate o f photosynthesis o f Neochloris oleoabundans versus irradiance cells 
in pmol oxygen gDW 1 s'1 at different photon flux densities (PFD)

To ensure th a t the  average light in tensity  experienced by the algae inside the 

pho tob io reac to r was indeed sub-saturating, photosynthesis irradiance (PI) curve 

was determ ined fo r Neochloris oleoabundans. Figure 2 shows the  PI curve o f 

Neochloris oleoabundans  acclimated to  low  light conditions. A t low  irradiance 

levels, the gross pho tosyn thetic  rate o f the algae is linearly p roportiona l to  the 

irradiance. The graph shows th a t the cells experienced sub-saturating light below  

218 pm ol m"2 s-1.The PI curve thus confirm s th a t the algae grew  under light 

lim iting  cond itions at the  photon flux density applied, which ranged from  an 

average o f 210 pm ol m"2 s 1 at the reactor surface to  values as low  as 25 pm ol m"2 

s 1 in the  reactor centre (Appendix B). A lthough the ligh t levels at the b io reactor 

surface were above 200 pmol m"2 s"1, the algae were only shortly  exposed to  these 

saturating light levels considering the m ixing o f the  liquid. This tem pora l exposure 

apparently did not result in sign ificant pho to inh ib ition  considering the  high 

g row th  rate measured. In add ition, the high biomass yields on photons are 

com parable to  g row th  rates found by Pruvost e t al. (2009). Apparently  the 

tem pora l exposure to  high light locally at the reactor surface did not negatively 

a ffect g row th .
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2.3.2. Growth and productivity
Figure 3 shows a typical run at 0.21 bar partia l oxygen pressure. The b io reactor 

was running batch-w ise until the  desired optical density o f 0.55 CU was reached 

and then the  tu rb idos ta t contro l was activated. The optical density (0.55 CU) 

corresponds to  a biomass concentra tion o f 0.40 gDW L"1 fo r Neochloris 

oleoabundans. The biomass density was kept constant and the  specific g row th  

rate was determ ined when the  cells were acclim ated to  the  cu lture  cond itions and 

the  d ilu tion  rate did not change fo r 4 consecutive days.

2.0

  OD (CU)

  PO (bar)

0.8  -
l-i (day )

-  1.5

Ü *  0 . 6 -

CMO -  1.0CL

Ûo 0.4  -

-  0.5
0.2  -

0.0 0.0
0 2 4 6 8

Time (days)

Figure 3 - Graphical representation o f the turb idosta t experiment w ith Neochloris 
oleoabundans a t an pa rtia l oxygen pressure o f 0.21 bar.

Presented are the p a rtia l oxygen pressure (Po2), optical density (OD), dry weight 
concentration (Cx) and the specific grow th rate (p.).

At a dissolved oxygen concentra tion o f 100% air sa turation (Pq2 = 0.21 bar), a 

specific g row th  rate o f 1.38 day"1 was measured (Fig. 3). This corresponds to  a 

daily vo lum e tric  biomass p roductiv ity  o f 0.55 gDW L"1 day"1 and a biomass yie ld  on 

photons o f 1.04 gDW m ol-ph"1. Using the  daily vo lum e tric  biomass p roductiv ity  fo r
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Neochloris oleoabundans measured by Pruvost e t al. (2009) and calculating the  

photon  daily vo lum e tric  p roduc tiv ity  w ith  the  provided data o f incident ligh t flux  

and illum inated  surface to  vo lum e ra tio  o f the  reactor, a biomass yield on photons 

o f 0.71 gDW m ol-ph"1 was calculated. This com parison shows th a t Neochloris 

oleoabundans shows high biomass yields grown on a m arine salt w a te r m edium  or 

on a freshw ate r BBM m edium  as used by Pruvost and coworkers. This outcom e is 

actually no t surprising since Neochloris o leoabundans  (UTEX 1185) has been 

isolated from  an arid soil (Guiry, 2011).

Table 1 shows the  com pila tion  o f the  results obta ined fo r  th e  d iffe ren t Pq2 tested. 

The specific g row th  rate and biomass concentra tion  w ere calculated. Going from  

a ir sa tura tion  levels (Po2= 0.21 bar) to  th ree  tim es a ir sa turation (Po2 = 0.63 bar), 

the  specific g row th  rate rem ained nearly the  same bu t reaching fo u r tim es air 

sa turation (P02 = 0.84 bar), a decrease in g row th  rate was observed. W hen testing  

Neochloris o leoabundans  under a Pq2 o f 0.84 bar, the  specific g row th  rate 

decreased from  1.36 to  1.06 day"1.

Table 1 - Specific growth rate, biomass concentration o f the microalgae Neochloris 
oleoabundans at different oxygen and carbon dioxide partial pressures.

NaHC03(m M ) Po2 (bar) Pco2 (bar) p (d a y 1) iS td e v Cx (g Kg"1) ±Stdev

10 0.21 0.007 1.38 ±0 .17 0.40 ±0 .002

10 0.63 0.007 1.36 ±0 .1 8 0.41 ±0.04

10 0.84 0.007 1.06 ±0 .02 0.39 ±0 .0 04

30 0.84 0.020 1.36 ±0 .002 0.39 ±0 .0 04

M olina e t al. (2001) observed a decrease in pho tosyn the tic  activ ity  o f 

Phaeodactylum  trico rnu tum  at Po2 higher than  0.21 bar. A lthough a decrease in 

g row th  rate upon an increase o f the  partia l pressure o f oxygen from  0.63 to  0.84 

bar was found  in th e  cu rren t study, no decrease was observed upon changing its 

partia l pressure from  0.21 to  0.63 bar. This result could be due to  th e  activ ity  o f a 

carbon concentra tion  mechanisms (CCM) present in Neochloris oleoabundans. 

CCMs are evo lu tionary  mechanisms developed to  overcom e th e  low  a ffin ity  o f 

Rubisco fo r  C 0 2 and its oxygenase and carboxylase dua lity  (G iordano e t al., 2005;
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Raven et al., 2008). However, the CCMs could not p revent a decrease in g row th  

when going from  partia l oxygen pressure o f 0.63 bar to  0.84 bar. Also, a CCM has 

a lim ited  and requires a substantial energy input (Vance and Spalding, 2005).

2.0
  OD (CU)
  P02 (bar)

(.i (day )

XO
CMo0-

QO

0.5

= 0.02 bar= 0.007 bar C 02C 02
0.0

o 2 4 6 8 10

Time (days)

Figure 4 - Graphical representation o f the turb idosta t experiment w ith Neochloris 
oleoabundans a t a p a rtia l oxygen pressure o f 0.84 bar and carbon dioxide pa rtia l pressures

o f 0.007 and 0.02 bar.
Presented are the pa rtia l oxygen pressure (P0f), optical density (OD), dry weight 

concentration (Cx) and the specific grow th rate (p.).

In order to  overcom e the inh ib ito ry  e ffect o f oxygen a t high partia l pressures, the 

C 02 concentra tion  was increased by the add ition  o f extra NaHC03 to  the cu lture  

medium . The NaHC03 concentra tion  in the m edium  was increased from  10 m M  to  

30 m M  corresponding to  an increase in the PCo2 o f 0.007 ± 0.0001 to  0.020 ± 0.001 

bar (measured value). The d ilu tion  rate and hence the specific g row th  rate, 

started to  increase w ith in  the firs t day and reached a level o f 1.36 day"1 (Fig. 4), 

s im ilar to  the g row th  rates th a t were reached a t Po2=0.21 bar and 0.63 bar. This 

result indicates tha t pho toresp ira tion  is indeed responsible fo r the observed 

decrease in g row th  rate at higher oxygen concentra tion . The oxygenase/ 

carboxylase activ ity  o f the  enzyme Rubisco is associated w ith  the ra tio  between 

0 2 and C 0 2 in the m edium  and once the b icarbonate (NaHC03) concentra tion  and
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the  corresponding C 0 2 concentra tion  was increased, the  specific g row th  rate o f 

th e  algae increased again. Kliphuis e t al. (2011) studied th e  e ffect o f 0 2/C 0 2 ratio  

on the  prim ary m etabolism  o f Chlamydomonas re inh a rd tii under sim ulated 

production  conditions and found  a decrease in specific g row th  rate w ith  

increasing 0 2/C 0 2 ratios. Using a m etabo lic flu x  m odel, they  quantified  

oxygenase/carboxylase reactions and th e  fluxes th rough  th e  pho toresp ira to ry  

pathw ay and showed th a t the  decrease found  can be explained by the  increased 

oxygenase activ ity. They found  th is  e ffec t a lready when increasing Po2 in the  liquid 

phase from  0.11 to  0.26 bar at a PC02 o f 0.014 bar a lthough they  w ere  w ork ing  at 

over-satura ting incident ligh t o f 600 pm ol m"2 s"1. To conclude from  both the  

presented study as w ell as from  the  study presented by Kliphuis et al. (2011), an 

increase o f dissolved 0 2/C 0 2 ratios in pho tob ioreacto rs w ill resu lt in reduced 

p roductiv ity  a lthough the  actual quan tita tive  e ffect is species dependent. 

Especially Neochloris oleoabundans  appears to  to le ra te  high Po2 levels at sub- 

saturating light.

2.3.3. Implications on reactor design
Large-scale o u td oo r p roduction  o f m icroalgae is no t ye t econom ically feasible. 

High energy inputs are required fo r  m ixing to  rem ove the  pho tosyn thetica lly  

produced oxygen ( 0 2). Our results can help in reducing the  energy requ irem ent 

fo r  cu ltiva tion  systems w here  spatial d ilu tion  o f ligh t is applied. W hen using 

systems o f vertica l panel pho tob ioreacto rs (Rodolfi e t al., 2009), sunlight in tensity  

can be reduced and d is tribu ted  over a larger surface. In vertica l f la t panel reactors 

th e  pho tosyn thetic  effic iency is high because o f the  d ilu tion  o f ligh t (Cuaresma et 

al., 2011). A t these reduced light levels in high density m icroalgae cultures the  

e ffect o f p ho to inh ib ition  w ill be absent and th e  negative e ffect o f high oxygen 

concentra tions on Neochloris o leoabundans  can be overcom e by w ork ing  at 

e levated C 0 2 concentrations.

W hen w ork ing  w ith  com bustion gasses w ith  10 to  20 % v /v  C 0 2, it is a realistic 

scenario to  m aintain C 0 2 partia l pressures in the  o rder o f 0.02 bar w h ile  still being 

able to  rem ove m ore than  80% o f the  C 0 2 from  the  gas. The advantage o f w orking 

at a higher partia l C 0 2 pressure is the  fac t th a t a higher partia l 0 2 pressure can be 

to le ra ted  in th e  cu lture  as shown in th is  study and the re  is a higher driv ing force

26



G row th o f  the m icroalgae Neochloris o leoabundans a t high p a rtia l oxygen
pressures and sub-satura ting  lig h t in tensity

fo r  oxygen trans fe r from  the  liqu id  to  th e  gas phase. Consequently, th e  rate o f 

gassing can be reduced.

w here  a f la t panel pho tob io reac to r was running at a dissolved 0 2 concentra tion  

equ iva len t to  a Po2 o f 0.84 bar instead o f PO2=0.42 bar (assumed to  be cu rren t 

practice). In th is  calculation, w e assumed a 1.5 m high panel reactor w ith  a depth  

o f 0.07 m. The oxygen trans fe r requ irem en t (OTR) fo r  such a system was 

calculated considering a vo lum e tric  oxygen p roduction  rate o f 1.98 x IO"4 mol m"3 

s'1. This oxygen p roduction  rate was estim ated based on a quantum  requ irem ent 

w hich was calculated from  the  biomass yield on photons observed in th is  study 

(1.04 gDW m ol-ph"1) and a ligh t energy inpu t o f 200 pm ol m"2 s 1 on th e  vertical 

side o f th e  panel (one side only).

The oxygen trans fe r coeffic ien t K¡.a (s'1) needed to  rem ove th e  oxygen produced 

from  the  pho tob io reacto r w h ile  m ainta in ing a dissolved oxygen concentra tion  in 

th e  liquid phase, Coh o f 0.537 mol m"3 (equiva lent to  Pq2=0.42 bar) or 1.073 mol m" 

3 (equiva lent to  PO2=0.84 bar). The concentra tion  o f 0 2 in the  liqu id at the  gas- 

liqu id  in terface was assumed to  be in equ ilib rium  w ith  the  oxygen level in air, so 

C 0i= 0.268 mol m"3. The d ifference between C0¡ and C 0¡ represents th e  driving 

fo rce  o f 0 2 trans fe r over the  liqu id  boundary layer surrounding the  gas bubbles 

(equation 2).

The gas flo w  rate, Fg (m3 s"1) was calculated using the  re la tion fo r  K|.a determ ined 

by Sierra e t al., (2008) fo r  f la t panel reactors (equation 3).W here p (Kg m"3) stands

Upon increasing the  dissolved oxygen concentra tion  we found  a decrease in
_A Q A _A Q A

required Fg from  2.52 x 10" m s" to  0.70 x 10" m s" and th is  means a decrease 

by a fa c to r o f 3.6. Such a decrease could greatly  reduce energy requ irem ent fo r

As an example the  reduction  in gas flo w  rate, Fg (m 3 s'1) was calculated fo r  a case

(2 )

fo r  the  density o f the  liqu id; g (m"2) th e  gravita tiona l acceleration and A dg (m 2) the  

degassing area (equal to  th e  reactor horizontal cross section).

K,.a =  2 .3 9 -1 0  4 (3 )
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large-scale cu ltiva tion  o f m icroalgae; however, th is  strategy w ou ld  only be 

possible though in case C 0 2-rich (flue) gas can be used in com bina tion  w ith  a 

reactor design aim ing at reduced ligh t levels on the  light-exposed surface (spatial 

d ilu tion  o f light).

2.4. Conclusions
Neochloris o leoabundans  appears to  to le ra te  high Pq2 levels at sub-saturating light 

since no decrease was observed upon changing Po2 from  0.21 to  0.63 bar. A t Po2 

=0.84 bar a decrease o f g row th  was found  under the  cond itions studied. A t sub- 

saturating ligh t intensities, pho toresp ira tion  appeared to  be the  main cause o f 

g row th  inh ib ition  because restoring th e  0 2/C 0 2 ratio  th rough  increasing PCo2, 

could o ffse t the  negative im pact o f e levated Pq2. A sim ilar strategy can reduce the  

energy inpu t needed fo r  oxygen rem oval. This approach could be used fo r  

p roduction  in a closed system (using d ilu ted  light) w ith  low er energy 

requirem ents fo r  degassing.
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Appendix 2A. Distribution of incident photon flux density over 
photobioreactor surface
In the  experim enta l set-up used perform ed the  incident ligh t in tensity  varied over 

the  illum ina ted  surface. The photon  flux  density peaked at 350 pm ol m"2 s"1 when 

facing the  ligh t source; was as low  as 100 pm ol m"2 s"1 when facing th e  reflective  

screens. The average value fo r  the  d iffe ren t experim ents was always betw een 187 

and 210 pm ol m"2 s"1.

Table A Í  - Incident light measured at different radial positions and different heights o f the
photobioreactor prior to one o f the experiments. All numbers represent photon flux  

densities in ¿umol PAR photons m 2 s'1.

Radial Axis

Height a b c d e f g h

1 (0 cm) 262 160 105 173 252 154 90 150

2 (4 cm) 334 167 112 177 288 161 92 186

3 (8 cm) 353 175 114 187 195 171 93 173

4(12cm) 360 174 107 174 295 169 87 190

Average 187

_B_

iii

S

S  lii
* ! !

::: ;;;

iii ^ 1 /  iii
::: \ '  :::

C B C
Figure A l  - Top view illustrating the illumination o f the bioreactor 

A = LED panels, B = screens with reflective material, C = opal glass, a,b,c,d,e,fg,h = radial 
positions fo r  incident light measurement.
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Table A2 - Photon flux  density fo r  each experimental run.

Po2 (bar) Light in tens ity  (pm ol m"2 s"1) ± Stdev

0.21 189 ± 83

0.63 187 ± 78

0.84 210 ± 7 1

Appendix 2B. Calculation of light gradient in photobioreactor
The biomass specific absorption coeffic ien t at a w avelength o f 635 nm was used in 

the  calculation, since th is  was the  dom inan t wavelength o f th e  LED ligh t source 

used. The ligh t g rad ient inside th e  b io reactor was estim ated using Beers' law and 

th e  geom etrica l re la tionship  derived fo r  cylindrical vessels (Evers, 1991) w ith  a 

small m od ifica tion  to  account fo r  th e  use o f a fla t cosine receiver as ligh t sensor. 

This re lation was m od ified  to  obta in  the  photon  flux  density on a fla t (27i) cosine 

receiver facing the  reactor wall (PFD(z)wan) and facing th e  reactor centre 

(PFD(z)centre) equations 1, 2 and 3. W here X (g m"3) stands fo r  biomass 

concentra tion ; 0  is the  angle o f ligh t path w ith  line trough  vessel center; a  (m 2g) 

the  absorption coeffic ient; r (m) the  vessel radius and s (m) th e  distance from  

vessel surface.

PFD(z)waII = —
PFDin

jcos(0 + z)d®

r r r i
jcos(0 + z).exp -  a.X. (r  -  s).cos(0) + [r2 -  (r -  s)2. sin(0)2 J° i©

PFD(z)center = -
PFDin

jcos(© + jr)d®

r r p .

jcos(© + ;r).exp-ar.A' j>-s).cos(©) + [r2 - ( r - s ) 2.sin(©)2] i©

PFD(z) = PFD(z)wall  +  PFD(z)center
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Figure B Í - The PAR photon flux density on a fla t (2n) cosine receiver facing the reactor 
wall (PFD(z)waii) and facing the reactor centre (PFD(z)centre) as a function o f the depth z 

inside the cylindrical photobioreactor used. PFD(z) is the sum o f both.

Appendix 2C. Specific absorption spectrum A
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Figure Cl - The wavelength dependent specific absorption coefficient o f N. oleoabundans
culture grown a t200p m o lm 2s 1.
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Chapter 3 . E ffe c t o f  Oxygen a t  lo w  a n d  high l ig h t  in te n s ity

ON THE GROWTH OF NEOCHOLORIS OLEOABUNDANS

Claudia Sousa1' 2, Ana Com padre1, M arian H. Verm uë2and Rene H. W ijffe ls2

1 Wetsus, P.O. Box 1113, 8900 CC Leeuwarden, the Netherlands

2 Bioprocess Engineering, Wageningen University, P.O. Box 8129, 6700 EV, Wageningen, 
the Netherlands

A bstrac t - The e ffect o f partia l oxygen pressure on g row th  o f Neochloris 

oleoabundans  was studied at near-saturating ligh t in tens ity  in a fu lly -con tro lled  

pho tob io reacto r. A t the  partia l oxygen pressures tested (Po2= 0.24; 0.42; 0.63; 

0.84 bar), the  specific g row th  rate was 1.36; 1.16; 0.93 and 0.68 day"1, 

respectively. An increase o f the  PCo2 from  0.007 to  0.02 bar at Po2 o f 0.84 bar did 

no t show any positive e ffect on the  overall g row th  o f the  algae, con tra ry  to  w ha t 

happens at sub-saturating ligh t intensities. These results ind icate th a t at near- 

sa turating ligh t in tens ity  the  inh ib ito ry  e ffect o f oxygen by pho toresp ira tion  

cannot be overcom e. The chlorophyll con ten t o f Neochloris o leoabundans  g rown 

at 200 pm ol m"2 s"1 is about 1.9 tim es higher than  when cu ltiva ted  at 500 pm ol m"2 

s"1, whereas the  caro teno id  con ten t was about 1.5 lower, both  dem onstrating  

photoacclim ation  effects. The elevated oxygen concentra tion  in the  g row th  

m edium  does no t a ffect the  p igm ent con ten t both  at sub- and near-saturating 

ligh t conditions. This indicates th a t e levated oxygen concentra tions in the  m edium  

does no t con tribu te  to  pho to  oxidative  damage at the  ligh t conditions th a t are 

p redom inan tly  experienced by algae in closed photob ioreactors, bu t only inh ib it 

the  g row th  via pho to  resp ira tion effects.

Key w ords: Neochloris oleoabundans, oxygen inh ib ition , pho tooxida tive  damage, 

photoacclim ation, pho toresp ira tion, pho tob io reacto r

Sousa, C., Compadre, A., Vermuë, M.H., Wijffels, R.H. 2013. Effect o f oxygen at low and 
high light intensities on the growth o f Neochloris oleabundans. Algal Research, 2 (2), 122- 
126.
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3.1. Introduction
Neochloris o leoabundans  is one o f th e  algae w hich combines high specific g row th  

rate at optim al g row th  cond itions (Gouveia e t al., 2009; Li e t al., 2008; Pruvost et 

al., 2009) w ith  accum ulation o f lipids w ith  large conten t o f saturated fa tty  acids 

during n itrogen starvation cond itions (Pruvost et al., 2009; Santos e t al., 2012; 

Tornabene e t al., 1983). These characteristics make th is  alga species a prom ising 

feed stock fo r  b io fuel production  (Chisti, 2007; Schenk et al., 2008; W ijffe ls  e t al., 

2010). For large-scale ou td oo r production  o f algae, closed pho to-b io reactor 

systems (PBR) have been proposed. To make the  p roduction  econom ically 

feasible, however, bottlenecks still need to  be overcom e. One o f these 

bottlenecks is the  high energy inpu t th a t is required fo r  m ixing to  provide the  

algae w ith  light, carbon d ioxide and to  rem ove the  photosyn the tica lly  produced 

oxygen (Dismukes e t al., 2008; Norsker e t al., 2011; W ijffe ls  e t al., 2010).

In photo-b io reactors oxygen th a t is produced during photosynthesis, accumulates 

and induces processes like pho toresp ira tion  and pho to inh ib ition , both leading to  a 

decrease in biomass yield on ligh t energy o f the  m icroalgae (Torzillo e t al., 1998). 

In pho toresp ira tion , oxygen binds w ith  the  enzyme Rubisco and competes w ith  

carbon dioxide needed fo r  photosynthesis. Hence, high oxygen levels lead to  

low er C 0 2 uptake and reduced fixa tion  o f ligh t energy in to  carbohydrates (Bader 

e t al., 2000).

P hoto inh ib ition  occurs m ainly at high and over-satura ting ligh t intensities. At 

those conditions an excess o f e lectrons is generated in Photosystem II and these 

electrons w ill react w ith  th e  photosyn the tica lly  produced oxygen, leading to  the  

fo rm a tion  o f oxygen radicals and o the r reactive oxygen species (ROS) such as 

H20 2 (M ura ta  e t al., 2007). In add ition , ligh t stim ulates the  fo rm a tion  o f the  highly 

reactive singlet oxygen via pho to-activa tion  (Triantaphylides e t al., 2008). The 

singlet oxygen causes damage o f the  w ater-ox id iz ing  center and deactivates the  

e lectron tran spo rt chain (Krieger-Liszkay e t al., 2008; Hakala e t al., 2005) and th is 

results in loss o f pho tosyn thetic  activ ity  and death o f cells.

To overcom e th e  pho to-oxidative  damage caused by p ho to inh ib ition  at high light, 

th e  m icroalgae have developed several p ro tection  mechanisms, generally re ferred 

to  as photo-acclim ation. Photo-acclim ation can easily be recognized by changes in
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the  p igm entation  o f the  algae, resulting in low er ch lorophyll con ten t and higher 

caroteno id  con ten t o f the  algae w hen exposed to  h igher irradiance. The 

carotenoids con ten t norm ally  increases to  enable the  algae to  dissipate energy o f 

excited ch lorophyll and e lim ina te  ROS and to  m aintain th e  photosystem  structure  

(Demmig-Adams &  Adams, 2002). In add ition, carotenoids scavenge tr ip le t 

ch lo rophyll and quench singlet oxygen (Falkowski &  Raven, 2007). A t very high 

ligh t irrad ia tion, however, the  p ro tective  mechanisms cannot su ffic ien tly  deal 

w ith  the  surplus o f e lectrons and fo rm a tion  o f singlet oxygen and the  

accum ulation o f ROS occurs, leading to  cell damage (Triantaphylides e t al., 2008).

A lthough the  com bined e ffect o f oxygen and ligh t have been described in detail, 

th e  e ffect o f accum ulating oxygen on algal g row th  is on ly studied independently 

at contro lled  low  ligh t cond itions (Kliphuis e t al., 2011; Raso et al., 2011; Sousa et 

al., 2012). Upon an increase in oxygen concentra tions in the  algal cultures a 

general decrease in specific g row th  rates has been observed. This inh ib ition  at low  

ligh t conditions is related to  th e  carboxyla tion /oxygenation  ratio  o f the  enzyme 

Rubisco and its a ffin ity  fo r  oxygen and th e  oxygen inh ib ition  effects at low  ligh t 

cond itions can be compensated by an increase o f the  carbon d ioxide 

concentra tion  (Sousa et al., 2012). In ou td oo r cu ltiva tion ; however, algae w ill 

experience d iffe ren t ligh t conditions. It is thus im p o rta n t to  know  how  the  algae 

respond on accum ulated oxygen at contro lled  cu ltu re  cond itions at h igher ligh t 

in tensities and investigate if add ition  o f carbon dioxide could be used to  

overcom e th e  inh ib iting  effects o f oxygen at higher ligh t cond itions as w ell. In th is 

paper, the  e ffect o f oxygen partia l pressure on the  g row th  o f Neochloris 

oleoabundans exposed to  near-saturating cond itions was determ ined in a fu lly - 

contro lled  pho to -b io reacto r operated in tu rb ido s ta t mode and com pared w ith  the  

inh ib iting  effects o f oxygen on g row th  at low  light conditions. The m agnitude o f 

th is  e ffect on the  specific g row th  rate as w ell as on the  biomass yield on light 

energy and p igm ent con ten t was determ ined. Finally, th e  C 0 2/ 0 2 ra tio  was 

increased to  see if th e  inh ib iting  e ffect o f 0 2 in m icroalgae could be overcom e.
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3.2. Material and methods

3.2.1. Cultures and medium

Adapted f /2  m edium  (Guillard &  Ryther, 1962) was used to  grow  and m aintain 

Neochloris oleoabundans (UTEX 1185) cultures. The m edium  was composed o f 

a rtific ia l sea w a te r (in m M ): NaCI, 419; MgCI2.6H20 , 48.2; CaCI2.2H20 , 3.6; 

Na2S04, 22.5; K2S04, 4.9. The a rtific ia l sea w a te r was enriched w ith  the  fo llow ing  

nu trien ts  (in m M ): NaH2P 04.2H20 , 2.50; N aN 03, 32; trace  elem ents (in pM ): 

EDTA-FeNa, 29.3 CuS04.5H20 , 0.10; Na2M o 0 4.2H20 , 0.07; ZnS04.7H20 , 0.19; 

CoCI2.6H20 , 0.19; M nCI2.4H20 , 2.27; v itam ins (pg L"1): th iam ine , 200; b io tine, 

1.00; cyanocobalam ine, l.OO.The pH was adjusted to  7.8 w ith  0.5 M NaOH. 

Neochloris o leoabundans  was pre-cu ltured in an incubator w ith  o rb ita l shaker 

(Innova 44R, New Brunswick Scientific, USA) under fluorescent ligh t (40 pm ol m"2 

s"1) at 25 °C and 120 rpm. The air inside the  incubator was enriched w ith  2% 

carbon dioxide. In th e  reactor experim ents th e  cu lture  media was enriched w ith  

10 m M  NaHC03.

3.2.2. Photobioreactor

A 3 L jacketed b io reactor (Applikon Biotechnology, The Netherlands) was used to  

perform  continuous tu rb ido s ta t experim ents. All sensors and regulators o f the  

experim enta l set-up w ere  connected to  an Ez-controller equipped w ith  

Bioexpert® softw are  (Applikon Biotechnology, The Netherlands). The cu lture  was 

illum inated  w ith  tw o  ligh t panels (20x20 cm) w ith  red (627 nm) LED lights 

(SL3500, Photon Systems Instrum ents, Czech Republic). The incident ligh t in tensity  

was measured w ith  a PAR quantum  sensor (model SA-190, LiCor Biosciences, USA) 

before  the  s ta rt o f each experim ental run. The m easurem ents w ere done at 

d iffe ren t heights and radial positions to  de te rm ine  the  average incident photon 

flu x  density (PFDavg). The average value fo r  the  d iffe ren t experim ents at h igh-light 

in tens ity  was always ~ 500 pm ol m"2 s'1, w hile  a t low  light in tens ity  the  average 

incident photon  flux  density was ~200 pm ol m"2 s"1 The measured and contro lled  

process param eters w ere: pH, tem pera tu re , oxygen and carbon dioxide partia l 

pressure in the  liquid phase (Pq2 and PCo2), liqu id  level, s tirre r speed and optical 

density (OD) (Sousa e t al., 2012).
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The cells w ere  adapted to  th e  tu rb ido s ta t conditions fo r  at least 3 days, before 

the  specific g row th  rate (p) was determ ined from  th e  d ilu tion  rate. The optical 

density at 750 (OD750) and 680 nm (OD680) was measured in a UV-visible 

spectropho tom ete r (UV-1650 PC, Schimadzu). The cell d ry w e igh t concentra tion  

and pigm ents con ten t w ere  determ ined o ff line as well.

3.2.3. Dry weight concentration

To dete rm ine  the  dry w e igh t concentra tion , 5 mL samples in tr ip lo  w ere washed 

w ith  10 mL o f am m onium  fo rm a te  0.5 M, filte re d  th rough  a pre-weighed glass 

fib e r f ilte r  (W hatm an GF/F), and washed again w ith  40 mL o f am m onium  fo rm a te  

0.5 M. The filte rs  w ere  dried in an oven at 95 °C, fo r  24 h, in a lum in ium  trays, 

cooled in a desiccator fo r  at least 2 hours, and then  weighed on a 5 d ig it analytical 

balance (ME235P-SD, Sartorius, Germany).

3.2.4. Chlorophyll and carotenoids

Chlorophyll and caro teno id  con ten t o f th e  algae was determ ined in tr ip lica te  at 

the  end o f each experim ent. A 2 mL algal a liquo t collected from  th e  reactor was 

centrifuged at 3760 rpm and 4 °C during 10 m in (Allegra™ X-12 R Centrifuge). The 

pellets w ere frozen at - 80 °C, p rio r to  fu rth e r analysis. Chlorophyll was extracted 

by the  adding 5 ml o f m ethanol (100 %) to  the  biomass pellet. The cells w ere 

d isrupted by u ltrasound (Sonorex Digitec, Bandelin) com bined w ith  tem pera tu re  

shock (incubation at 60 °C and 0 °C). The suspension was centrifuged at 3760 rpm 

and 4 °C during 10 m in. The supernatan t was collected and ch lorophyll and 

caroteno id  conten t w ere  determ ined at 470, 652 and 665 nm in a UV-visible 

spectropho tom ete r (UV-1650 PC, Schimadzu). M od ified  A rnon 's equations 

(Lichtenthaler, 1987) w ere used to  calculate ch lorophyll and carotenoids 

concentra tions in the  extracts (Cuaresma e t al., 2011). Chlorophyll and caro teno id  

con ten t w ere presented per gram o f biomass w hich was calculated based on the  

dry w e igh t concentra tions in th e  samples used.
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3.3. Results and discussion

3.3.1. Controlled cultivation of algae at high and low light intensity

Figure 1 shows a typ ical run at 0.21 bar o f oxygen partia l pressure o f Neochloris 

oleobundans cu ltiva ted a t high ligh t conditions. In th is  experim ent the  algae w ere 

cu ltiva ted  using an average incident ligh t irradiance o f 500 pm ol m"2 s'1. The 

accompanying average photon  flu x  density experienced by the  algae inside the  

p ho tob io reac to r was 230 pm ol m"2 s '1, using an estim ated ligh t g rad ient inside the  

pho tob io reacto r, as was described by Sousa et al. (2012). The PI (photosynthesis- 

irradiance) curve fo r  th is  alga (Sousa e t al., 2012) shows th a t Neochloris 

oleoabundans experiences near-saturation cond itions at 230 pm ol m"2 s'1. W hen 

grow ing th e  algae at an average low  incident ligh t in tensity  o f 200 pm ol m"2 s'1, 

they  experience 92 pm ol m"2 s"1 inside the  pho tob io reacto r which corresponds 

w ith  sub-saturating ligh t cond itions according to  the  PI curve.

2,0

  OD (CU)

A  Cx(g.Kg"1) 

■  g (day 1)1,5

1,0

0,5

0,0
0 2 4 6 8

Time (days)

Figure 1 - Graphical representation o f the partial oxygen pressure (Po2 ), optical density 
(OD), dry weight concentration (Cx), pH and specific growth rate (p) o f Neochloris 

oleoabundans in time at incident light intensity o f 500pmol m 2 s'1.

A fte r a batch period o f 3 days the  algae cu lture  reached an OD o f 1.4 CU and the  

tu rb ido s ta t opera tion  was started. During th e  firs t day o f tu rb ido s ta t cu ltiva tion
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the  optica l density decreased to  a constant set level o f 0.8 CU th a t corresponds to  

a biomass concentra tion  o f 0.42 ± 0.05 gDW L"1 (Fig. 1, Table 1) w h ile  the  specific 

g row th  rate (p) rem ained constant at 1.36 day"1.

3.3.2. Oxygen effects of microalgal growth at high and low light 

intensity

The cu ltiva tion  o f Neochloris oleoabundans was conducted at 4 d iffe ren t oxygen 

concentra tions at high ligh t conditions. Table 1 shows the  results o f the  

experim ents perform ed. The results obta ined at low  incident ligh t in tensity  (200 

pm ol m"2 s"1) w ere obta ined from  Sousa et al. (2012) and added fo r  comparison.

Table 1 - Specific growth rate (p), and biomass concentration (Cx) o f the microalgae 
Neochloris oleoabundans at different partial oxygen and carbon dioxide pressures at high 

(500 pmol m'2 s'1) incident light intensity. The results obtained at low incident light 
intensity (200 pmol m'2 s'1) were obtained from  Sousa et al. (2012)

NaHC03
(m M )

Po2
(bar)

P co2 
(bar)

p (d a y 1) 
± Stdev

Cx (g kg'1) 
± Stdev

p (d a y 1) 
± Stdev

Cx (g kg'1) 
± Stdev

500 pm ol m"2 s"1 200 pm ol m"2 s"1

10 0.21 0.007 1.36 ±0 .20 0.42 ±0 .05 1.38 ±0 .17 0.40 ±0 .002

10 0.42 0.007 1.16 ±0 .26 0.42 ±0 .05 - -

10 0.63 0.007 0.93 ±0 .1 4 0.42 ±0 .02 1.36 ±0 .1 8 0.41 ±0.04

10 0.84 0.007 0.68 ±0 .2 8 0.43 ± 0.03 1.06 ±0 .02 0.39 ±0 .0 04

30 0.84 0.020 0.68 ±0 .15 0.39 ±0 .05 1.36 ±0 .002 0.39 ±0 .0 04

This tab le  shows th a t the  specific g row th  rates decrease w ith  an increase o f the  

partia l oxygen pressure. The highest g row th  rate value at 500 pm ol m"2 s'1 (1.36 

day"1) was obta ined fo r  Neochloris oleoabundans  cu ltiva ted  at 0.21 bar partial 

oxygen pressure, w h ile  at 0.84 bar partia l oxygen pressure the  g row th  rate was 

reduced by a lm ost 50%. Previous w ork  at low  incident ligh t conditions o f 200 

pm ol m"2 s"1 (Sousa e t al., 2012) had shown th a t the  inh ib iting  e ffect o f oxygen 

could be overcom e by add ition  o f extra C 0 2 ind icating th a t oxygen m ainly 

inh ib ited  the  algae via resp ira tion. In th is  experim ent at near-saturating light 

conditions, th e  bicarbonate concentra tion  (NaHC03) was increased from  10 to  30 

m M  as well. The higher b icarbonate concentra tion, however, did no t result in an 

increase o f th e  specific g row th  rate. W hile  an increase o f th e  bicarbonate
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concentra tion  proved to  be an e ffic ien t m ethod to  d im inish inh ib ition  o f oxygen 

via pho toresp ira tion  at low  ligh t conditions, it d id no t have any e ffect on g row th  

at the  high ligh t cond itions used in th is  experim ent.

The increase o f b icarbonate and consequently th e  increase o f C 02 to  the  cu lture  

m edium  did no t help to  reduce th e  effects o f oxygen on th e  specific g row th  rate 

at high ligh t conditions. It is possible th a t the  e ffect o f add itiona l C 0 2 in the  

m edium  cu lture  did no t con tribu te  enough to  th e  overcom e the  inh ib ito ry  e ffect 

by pho toresp ira tion . A t high ligh t intensities, th e  local concentra tion  o f oxygen at 

the  Rubisco site is higher and the  C 0 2 is low er than in the  m edium  cu lture. The 

add ition  o f C 0 2 in the  m edium  at these cond itions m ight no t be e ffective  enough 

to  change th e  local ra tio  C 0 2/ 0 2 in th e  v ic in ity  o f the  Rubisco and th e re  is hardly 

any e ffect by th is  add ition. On to p  o f th e  inh ib ito ry  effects o f pho toresp ira tion  

also p ho to inh ib ition  is expected to  occur at high ligh t conditions.

W hen cu ltiva ting  o the r m icroalgal species like Phaeodactylum  tricornu tum  

(M olina e t al., 2001); Chlorella sorokin iana  (Ugwu e t al., 2007), Spirulina platensis 

at high ligh t in tensity, a s im ilar decrease in specific g row th  rate was observed at 

e levated oxygen concentrations. The described experim ents, however, w ere  not 

perform ed at contro lled  cond itions o f oxygen. It is th e re fo re  no t possible to  

distinguish between th e  d irect effects o f ligh t and o f oxygen on th e  g row th  o f the  

algae. In th e  present study, the  experim ent was perform ed at con tro lled  partia l 

oxygen pressures and irradiance. These studies claim th a t the  cells phase 

p ho to inh ib ition  effects, bu t it is no t clear, if e levated oxygen levels in the  m edium  

stim ula te  pho to-oxidation  and the reby con tribu te  to  add itiona l pho to -inh ib ito ry  

effects on g row th.

3.3.3. Oxygen effects of pigment content at high and low light 
intensity
Figure 2 presents the  ch lorophyll con ten t o f Neochloris oleoabundans measured 

at d iffe ren t partia l oxygen pressures at tw o  d iffe ren t ligh t conditions. The cells 

show photo-acclim ation; since the  average chlorophyll con ten t o f N. 

oleoabundans g rown at low  light in tens ity  (200 pm ol m"2 s"1) is about 1.9 tim es 

higher than w hen cu ltiva ted  at high ligh t in tensity  (500 pm ol m"2 s"1). Photo­

acclim ation is a process in w hich th e  pho tosyn the tic  p igm ent con ten t is reduced
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as a pro tection  mechanism o f the  pho tosyn thetic  apparatus against increased 

irradiance (Anem aet e t al., 2010). Such a clear dependency o f ch lorophyll con ten t 

per cell in response to  d iffe ren t ligh t intensities is a com m on mechanism among 

m icroorganism s th a t perform  photosynthesis. Chlorophyll is a light-harvesting 

p igm ent tha t, under low  light, increases until the  cells become optica lly  dark; and 

under high light, it decreases, resulting in cells ra ther transparent.

A t both light intensities no e ffect o f partia l oxygen pressures on ch lorophyll 

con ten t was found. A t 200 pmol m 2 s'1 the  am ount o f ch lorophyll ranged from  

23.8 at Pq2 = 0.63 bar to  28.2 mgChl gDW '1 at Po2 = 0.84 bar, w h ile  at an incident 

ligh t in tens ity  o f 500 pmol m '2 s'1, ch lorophyll con ten t ranged from  11.3 measured 

at P0_ = 0.42 bar t ill 16.2 mgChl gDW '1 at P0, = 0.63 bar.

Q  20

o

200 nmol.m .

500 nmol .m' .s

0,21 0,42 0,63 0,84 0,84*

P02 (bar)

Figure 2 - Chlorophyll content in Neochloris oleoabundans cultivated at sub-saturating 
light intensity (200 pmol m 2 s'1} and near saturating light intensity (500 pmol m 2 s'1). 
At Po2=0.84 the bicarbonate concentration in the culture media was 10 mM and at 

Po2=0.84* the bicarbonate concentration was increased to 30 mM.

Figure 2 shows th a t no s ign ificant effects o f partia l oxygen pressure and partia l 

carbon dioxide pressure on the  ch lorophyll con ten t was found at both light 

intensities; no loss or damage o f ch lorophyll seem to  occur due to  oxygen 

accum ulation or increase o f carbon dioxide. In general, the  same increasing trend
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o f ch lorophyll con ten t upon a decrease o f Irradiance is reported  fo r  Thallasiosira  

pseudonana  (Valenzuela-Espinoza e t al., 2007) and Spirulina p latensis  (Anem aet et 

al., 2010). Chlorophyll concentra tions in Thallasiosira pseudonana  w ere  1.74 m g/L 

at low  light in tens ity  (50 pm ol m"2 s"1) and 0.47 m g/L at high ligh t irradiance (750 

pm ol m"2 s"1) (Valenzuela-Espinoza e t al., 2007). During th e  g row th  o f Spirulina  

platensis, th e  highest ch lo rophyll con ten t (14.6 mg g"1) was detected at incident 

ligh t in tens ity  o f ~40 pm ol m"2 s"1 and smallest ch lorophyll contents (6.2 mg g"1) 

w ere  found  w hen cu ltiva ting  Spirulina  under ligh t in tens ity  o f 100 pm ol m"2 s"1 in 

th is  study (Anem aet e t al., 2010).

The accum ulation o f oxygen in th e  pho tob io reacto r was expected to  induce extra 

fo rm a tion  o f oxygen radicals and singlet oxygen. Singlet oxygen damages pro te in  

in ch loroplasts and inactivates e lectron tran spo rt mechanism (Ledford &  Niyogi, 

2005; M urata  e t al., 2007). The life tim e  o f singlet oxygen is ra ther short. Singlet 

oxygen thus reacts w ith  the  molecules in its v ic in ity  such as pigments w hich are 

involved in the  e lectron transpo rt mechanism and pro te ins present in the  

chloroplast. Figure 2 shows, how ever th a t th e  ch lorophyll was no t damaged by 

the  oxygen present in the  m edium , ind icating th a t no add itiona l singlet oxygen 

was fo rm ed  at higher oxygen concentra tions at th e  ligh t cond itions used.

Carotenoids are known to  p ro tec t th e  cells against p ho to -inh ib ition  at high light 

in tens ity  and increased inh ib ition  by pho to-oxidation  is accompanied by increased 

p igm ent con ten t (Falkowski &  Raven, 2007). Carotenoids play an im portan t role in 

photosynthesis; located in the  ch lorop last they  con tribu te  to  ligh t harvesting, 

dissipation o f ligh t energy, scavenging o f tr ip le t ch lorophyll and singlet oxygen, 

and m ainta in ing th e  photosystem  structure. They are claimed to  be a m ajor 

an tiox idan t defense (Demmig-Adams &  Adams, 2002). Figure 3 shows th a t the  

caroteno id  conten t o f Neochloris oleoabundans  g row n at low  light in tens ity  (200 

pm ol m"2 s"1) is indeed low er than the  caro teno id  con ten t o f the  cells cu ltiva ted  at 

high ligh t in tens ity  (500 pm ol m"2 s"1).
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Figure 3 - Carotenoids content in Neochloris oleoabundans cultivated at sub-saturating 
light intensity ( 200 ¡umol m'2 s'1) and near saturating light intensity ( 500 iimoI m'2 s'1).

A t Po2=0.84 the bicarbonate concentration in the culture media was lOmM and at 
P02=0.84* the bicarbonate concentration was increased to 30mM.

At elevated oxygen concentrations in the  pho tob io reacto r, extra fo rm a tion  o f 

oxygen radicals and singlet oxygen was expected and those w ould  induce extra 

p igm ent production  to  p ro tec t the  cells by quenching the  e lectrons and act as 

an ti-ox idant against the  ROS fo rm ed. The carotenoid con ten t in cells o f Neochloris 

oleoabundans cu ltivated at elevated partia l oxygen pressures, however, is hardly 

affected. A t an incident ligh t in tens ity  o f 200 pm ol m '2 s'1 a m axim um  o f 2.7 mgCar 

g D W 1 was measured at a partia l oxygen pressure o f 0.84 bar and a m in im um  o f 

2.3 mgCar gDW '1 at P02 = 0.63 bar. A t high light in tens ity  (500 pm ol m '2 s'1) the 

highest value is 4.9 mgCar gDW '1 and the  lowest 3.1 mgCar gDW '1.

Vonshak et al. (1996) refers to  pho to inh ib ition  as a tim e  and ligh t dependent 

decline in photosynthesis th a t happens in a firs t stage o f the  exposure o f the  algae 

to  high light and oxygen and to  pho to-ox ida tion  in a secondary stage leading to  

damage a nd /o r death o f the  cells. Our results indicate th a t at th is light in tens ity  

the  cells were indeed exposed to  p ho to inh ib ition  but no re la tion between 

carotenoid conten t and oxygen concentra tion  (figure 3) was found, ind icating th a t
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elevated oxygen concentra tions in the  m edium  do no t cause add itiona l pho to- 

oxidative  damage a t sub-saturating and near-saturating ligh t conditions.

3.4. Conclusions
High oxygen concentra tions negatively affected the  g row th  rate  o f Neochloris 

oleoabundans at high ligh t conditions. A t such conditions, pho toresp ira tion  

com bined w ith  p ho to inh ib ition  o f th e  cu lture  is bound to  occur, resulting in the  

de te rio ra tion  o f m icroalgae cell v iab ility  and the  decrease in Neochloris 

oleoabundans g row th  rate. A 3 tim es increase in b icarbonate add ition  did not 

show any positive e ffect o f the  overall g row th  o f th e  algae at near-saturating light 

con tra ry  to  w ha t happens at sub-saturating light intensities. This indicates th a t 

add ition  o f extra carbonate to  the  m edium  to  overcom e th e  pho toresp ira tion  

effects, is insu ffic ien t to  compensate fo r  the  loss o f biomass due to  th e  com bined 

pho toresp ira tion  and p ho to inh ib ition  at near-saturating ligh t conditions. The 

elevated oxygen concentra tion  in the  g row th  m edium  did no t a ffect ch lorophyll 

and caro teno id  con ten t at sub- and near-saturating ligh t conditions, indicating 

th a t the  elevated oxygen concentra tion  in the  m edium  did no t con tribu te  to  the  

p ho to inh ib ition  effects experienced at the  higher ligh t intensities. These results 

ind icate th a t th e  p ho to inh ib ition  effects are only due to  the  increased irradiance 

used and no t due to  accum ulation o f the  oxygen in th e  m edium  as such. The 

p ho to inh ib ition  effects can thus only be prevented by w ork ing  at sub-saturating 

ligh t conditions ra ther than at near-saturating ligh t conditions. For large-scale 

ou td oo r cu ltiva tion  o f m icro-algae our results indicate th a t reactor configurations 

th a t a llow  spatial d ilu tion  o f ligh t should be used, in com bina tion  w ith  add ition  o f 

carbonate. In these types o f photob ioreactors th e  algae grow  a t sub-saturating 

ligh t conditions and w ith  the  add ition  o f carbon dioxide th e  pho toresp ira tion  

effects w ill be m inim ized. This reduces the  need fo r  degassing to  rem ove the  

surplus o f oxygen from  the  m edium . In th is  way, the  to ta l energy and costs 

required fo r  degassing can be decreased.
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Chapter 4 . E ffe c t o f  D ynam ic Oxygen C o n c e n tra tio n s  on th e  

GROWTH OF NEOCHOLORIS OLEOABUNDANS AT SUB-SATURATING 

LIGHT CONDITIONS

Claudia Sousa1' 2, D im ita r Valev1,2, M arian H. Verm uë2and Rene H. W ijffe ls2

1 Wetsus, P.O. Box 1113, 8900 CC Leeuwarden, the Netherlands

2 Bioprocess Engineering, Wageningen University, P.O. Box 8129, 6700 EV, Wageningen, 
the Netherlands

Abstract - Tubular photob ioreactors fo r  m icro-algae p roduction  are considered 

econom ically-feasib le, bu t on ly if the  energy needed to  rem ove the  

photosyn the tica lly  produced oxygen can be reduced considerably. In th is  study, 

th e  effects o f the  increase o f the  oxygen concentra tion  fo llow ed  by a decrease o f 

th e  oxygen in th e  degasser w ere  sim ulated in a CSTR at fu lly  con tro lled  cond itions 

at sub-saturating light in tensity  and the  e ffect o f a 10 tim es e longation o f the  

residence tim e  at in th e  solar receiver was investigated. Therefore  3 d iffe ren t light 

regimes w ere  used: continuous light; 30 m inutes ligh t on fo llow ed  by 6 m inutes 

ligh t o ff and 300 m inutes ligh t on fo llow ed  by 6 m inutes ligh t o ff. The specific 

g row th  rate  measured at constant low  oxygen concentra tion  Pq2 = 0.21 bar during 

these th ree  ligh t regimes w ere 1.14 ± 0.06, 0.80 ± 0.16 and 1.09 ± 0.05 day"1 

respectively. The e ffect o f dynam ically changing oxygen concentra tions from  Po2 = 

0.21 bar to  Po2 = 0.63 bar fo llow ed  by subsequent degassing to  Po2 = 0.21 bar 

during the  dark period resulted in s im ilar specific g row th  rates. The decrease o f 

th e  algae specific g row th  observed w hen applying d iffe ren t ligh t regimes, shows 

th a t the  exposure o f the  algae cells to  dark periods in the  degasser has bigger 

negative im pact than the  tem pora ry  exposure to  accum ulating oxygen 

concentra tions in the  solar receiver. Based on the  observed algae physiology 

under dynam ic oxygen concentra tion , reducing the  num ber o f degassing units and 

increasing th e ir  degassing capacity w ill result in substantia l savings in capital and 

energy costs.

Key words: tu bu la r photob ioreactors, dynam ic oxygen, ligh t regime, Neochloris 

oleoabundans
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4.1. Introduction
Lipid-rich m icroalgae such as Neochloris oleoabundans are considered to  be a 

renewable resource fo r  b io fuel p roduction  (W ijffe ls  e t al., 2010). A lthough these 

m icroalgae show high g row th  rates and high lip id  content, large-scale ou td oo r 

p roduction  o f m icroalgae is still no t econom ically feasible. The feas ib ility  study o f 

Norsker e t al. (2011) shows th a t a tu bu la r pho tob io reac to r (PBR) can be used as 

an econom ically-feasible system fo r  production  o f algae, bu t only if th e  energy 

consum ption is considerably reduced. The cu rren t main bo ttleneck in th is 

p roduction  system is th e  energy needed fo r  c ircu lation o f the  liquid th rough  the  

tubes o f th e  pho tob io reac to r and fo r  exchange o f gases in the  degasser (Norsker 

e t al., 2011). This c ircu lation and gas exchange is needed to  supply the  algae w ith  

light, C 0 2 and to  rem ove the  oxygen produced.

The oxygen needs to  be rem oved as it causes pho toresp ira tion . In 

pho toresp ira tion  0 2 competes w ith  C 0 2 fo r  the  key enzyme in the  Calvin cycle, 

RuBiSco, w hich is responsible fo r  incorpora ting  inorganic carbon in organic 

molecules, resulting in less g row th  o f th e  algae and low er biomass yield (Foyer et 

al., 2009; M iron  e t al., 1999). A nother process which lim its m icroalgae g row th  is 

pho to inh ib ition . This process, however, m ainly occurs at near- and over­

saturating ligh t in tensities and is hardly re levant at sub-saturating ligh t intensities 

(Kliphuis e t al., 2011; Raso e t al., 2011; Sousa et al., 2012).

Previous w ork  on the  e ffect o f oxygen at sub-saturating ligh t on m icroalgae 

g row th  showed the  expected decrease in specific g row th  rate w ith  increasing 

oxygen concentra tion  (Kliphuis e t al., 2011; Raso e t al., 2011; Sousa e t al., 2012). 

Ali studies m entioned w ere  perform ed at constant oxygen concentra tions. In 

practice, however, th e  algae cu ltured in closed tu bu la r pho tob io reacto r systems 

experience an increasing oxygen concentra tion  grad ient along th e  length o f the  

tubes, and th is  may induce a decreasing g row th  rate along the  tubes (Ugwu e t al., 

2008). In add ition, a non-illum ina ted  degassing u n it is placed at the  end o f the  

tube  to  rem ove the  accum ulated oxygen. In th is  study the  e ffect o f dynamic 

changing oxygen concentra tions on the  algal g row th  in photob ioreactors w ill be 

evaluated, also taking the  e ffect o f th e  residence tim e  o f th e  algae in the  dark 

degasser in to  account. In add ition, the  e ffect o f extension o f the  exposure tim e  to  

high oxygen concentra tions w ill be investigated. A possible extension o f th is

56



Effect o f  dynam ic oxygen concentra tion on the g row th  o f  Neochloris oleoabundans
a t sub-satura ting  lig h t conditions

residence tim e  w ou ld  mean th a t less degassing units are needed and th is w ou ld  

result in a low er overall pow er consum ption fo r  degassing com bined w ith  higher 

overall p roductiv ity  in th e  system, as the  algae spend re la tive ly  litt le  tim e  in the  

dark.

To m im ic th e  dynam ic changes in oxygen concentra tion  occurring in tubu la r 

systems, a fu lly  con tro lled  Continuous Stirred Tank Reactor (CSTR) operated in 

tu rb id o s ta t mode was used to  cu ltu re  Neochloris o leoabundans  at sub-saturating 

ligh t in tensity. During the  tu rb ido s ta t run, oxygen was a llowed to  build up from  

Po2 = 0.21 to  0.63 bar and then  was rap id ly  decreased during a short tim e  o f 

darkness to  the  s ta rting  level w h ile  th e  specific g row th  rate  was m on itored . The 

experim ents w ere  repeated w h ile  extending the  tim e  at w hich the  algae were 

exposed to  high partia l oxygen pressures in o rder to  de te rm ine  th e  e ffect on the  

specific g row th  rate o f th e  algae.

4.2. Materials and methods

4.2.1. Cultures and medium
Neochloris oleoabundans  (UTEX 1185) was cu ltured and m aintained in 250 ml 

Erlenmeyer flasks in 100ml o f adapted f /2  m edium  (Guillard &  Ryther, 1962). The 

flasks w ere closed w ith  porous stoppers (Bio-silico, Hirschmann Laborgeräte 

GmbH & Co.KG, Germany) and placed in an incubator w ith  an o rb ita l shaker 

(Innova 44R, New Brunswick Scientific, USA) under fluorescent ligh t (40 pm ol m"2 

s"1) at 25 °C and 120 rpm. The air inside the  incubator was enriched w ith  2% 

carbon dioxide. The m edium  used fo r  the  reactor runs was enriched w ith  10 m M  

NaHC03. Both media w ere filte r-s te rilized  using 0.22 pm filte rs  and kept at pH o f 

7.8.

4.2.2. Photobioreactor
A 3L jacketed b io reactor (Applikon Biotechnology, The Netherlands), equipped 

w ith  m arine im pelle r was operated in tu rb ido s ta t mode. The illum inated  surface 

o f the  reactor was 0.061 m 2. An Ez-controller opera ting  w ith  Bioexpert® so ftw are  

(Applikon Biotechnology, The Netherlands) was used fo r  m on ito ring  and contro l. 

The on-line measured process param eters w ere  pH, tem pera ture , partia l oxygen
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pressure in th e  liqu id  phase (Po2), liqu id  level, s tirre r speed and optica l density 

(OD). During the  run th e  pH was contro lled  at pH 7.8 by au tom atic  add ition  o f 

gaseous carbon d ioxide (C 02), th e  tem pera tu re  was m aintained at 25 °C and the  

optica l density (OD) was contro lled  by a tu rb id ity  sensor (ASD19-N, Optek, 

Germany) connected to  a peris ta ltic  m edium  pum p to  keep a constant optical 

density. The liqu id  level in th e  reactor was contro lled  at ~ 2L by a level sensor 

connected to  a peris ta ltic  pum p fo r  rem oving the  excess o f cu lture, w hich was 

activated when necessary. During the  experim enta l run, dynam ic oxygen 

concentra tions w ere  applied: the  oxygen was a llowed to  build  up to  Pq2 = 0.63 bar 

and then  degassed to  Po2 = 0.21 bar. The partia l oxygen pressure was decreased 

to  th e  desired levels by th e  au tom atic  add ition  o f gaseous d in itrogen (N 2). The 

partia l oxygen pressure was m on ito red  by a Clark type  Pq2 sensor (LowD rift 

sensor, Applisens, The Netherlands). Calibration o f the  sensor was perform ed 

inside the  reactor w ith  filte re d  adapted f /2  m edium , before  inocula tion, using 

pure 0 2 giving a partia l oxygen pressure (Po2) o f 1 bar. The cells w ere a llowed to  

adapt to  the  tu rb ido s ta t conditions, before  the  specific g row th  rate (p) was 

determ ined from  the  d ilu tion  rate.

4.2.3. Light regime

Light was provided by tw o  LED ligh t panels (20x20 cm) (SL3500, Photon Systems 

Instrum ents, Czech Republic). The ligh t sources w ere  positioned at both  sides o f 

the  reactor and a plate o f opal glass was placed in fro n t o f each o f th e  light panels, 

to  ensure hom ogeneous ligh t d is tribu tion . In add ition , re flective  m ateria l was 

placed around th e  reactor. A PAR quantum  sensor (model SA-190, LiCor 

Biosciences, USA) was used to  measure the  average inc ident photon  flu x  density 

(PFDavg) on th e  reactor surface. The average value incident photon  flux  density 

was 198 pmol m"2 s"1. The PI (Photosynthesis-irradiance) curve fo r  th is  algae shows 

th a t Neochloris oleoabudans indeed experiences sub-saturating ligh t conditions at 

th e  measured PFDavg (Sousa e t al., 2012).

The ligh t sources w ere connected to  a Siemens PLC Relay (LOGO!) ligh t con tro lle r 

to  sim ulate th e  dark period in the  degasser o f a tu bu la r PBR system. Two d iffe ren t 

tim e  regimes fo r  th e  ligh t w ere used, related w ith  the  oxygen cond itions applied 

during the  experim ents. The firs t one was 30 m inutes ligh t "O n" and 6 m inutes
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ligh t "O ff" (30/6  regime). This regim e was applied during dynam ic oxygen 

conditions, when the  algae w ere  a llowed to  produce and accum ulate oxygen from  

Po2 = 0.21 bar up to  Pq2 = 0.63 bar. A fte r th is  phase a degassing phase was 

in itia ted . During the  degassing phase the  ligh t con tro lle r switches to  Lights "O ff" 

and rapid degassing o f the  liqu id  vo lum e is in itia ted  to  bring the  oxygen 

concentra tions back to  starting  levels o f Pq2 = 0.21 bar in 6 m inutes. The second 

tim e  regim e was operated at 300 m inutes ligh t "O n" and 6 m inutes ligh t "O ff" 

(300/6  regime). This regime was applied during cu ltiva tion  o f the  algae at high 

oxygen levels (Pq2 = 0.63 bar) fo r  300 m inutes. The degassing phase was 

perform ed at six m inutes lights "O ff".

4.2.4. Dry weight concentration

Trip lica te  samples o f 5 ml w ere collected on a daily base fo r  dry w eight 

de te rm ina tion . The samples w ere d ilu ted  w ith  10 ml am m onium  fo rm a te  (0.5M) 

and filte re d  over pre-weighed glass fib re -filte rs  (W hatm an GF/F). An add itiona l 40 

ml o f am m onium  fo rm a te  (0.5M ) was used fo r  washing. Filters w ith  biomass w ere 

dried at 95 °C fo r 24 hours in a lum in ium  trays, cooled in desiccator fo r  2 hours and 

w eighted on a 5 d ig it analytical balance (ME235P-SD, Sartorius, Germany).

4.2.5. Chlorophyll and Carotenoid determ ination

The dynam ically changing oxygen concentra tions bu t especially the  d iffe ren t lig h t­

darkness regimes applied could cause add itiona l photo-acclim ation  and pho to ­

inh ib ition  effects. Chlorophyll and carotenoids are both pigm ents fo r  light 

harvesting and the  la tte r serve as pho to  p ro tective  pigm ents to  p ro tec t the  

pho tosyn the tic  m achinery from  excess o f ligh t by scavenging reactive oxygen 

species and singlet oxygen (Demmig-Adams & Adams, 2002; Falkowski &  Raven, 

2007; Triantaphylidès &  Havaux, 2009; Vilchez e t al., 2011). A lthough th e  e ffect o f 

ligh t on the  caroteno id  con ten t is described in deta il (B ritton  e t al., 1999; Lamers 

e t al., 2008) it is no t known if h igher oxygen concentra tions in the  m edium  a ffect 

the  ch lorophyll and caro teno id  con ten t as well. To ve rify  if these pho to-p ro tective  

mechanisms w ere activated when th e  cells are subjected to  dynam ic oxygen 

concentra tions, th e  chlorophyll and to ta l carotenoids w ere de term ined. T rip lica te  

samples w ere collected on a daily base and centrifuged at 3750 rpm fo r  10 min. at
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4 °C and subsequently the  pellets frozen at -80 °C. The extraction  was done by 

add ition  o f 5 mL o f 100% m ethanol to  each tube. The tubes w ere then  placed fo r

5 m in. in u ltrasound bath (Sonorex Digitec, Bandelin). A fterw ards the  samples 

w ere  incubated fo r  40 m in at 60 °C and then  fo r  15 m in at 0 °C. The suspension 

was centrifuged once m ore at the  same conditions (3750 rpm, 10 min. and 4 °C). 

The supernatan t collected and ch lorophyll and caro teno id  determ ined at 470 nm, 

652 nm and 665 nm in a UV-visible spectropho tom ete r (UV_1650 PC, Schimadzu). 

The equations used to  de te rm ine  th e  ch lo rophyll and caro teno id  con ten t w ere 

m od ified  A rnon 's equations (Lichtenthaler, 1987). Chlorophyll and carotenoid 

con ten t w ere expressed per gram o f biomass, calculated based on the  d ry w e igh t 

concentra tion  o f th e  samples used (Cuaresma Franco, 2011).

4.3. Results and discussion

4.3.1. Effect of the applied light-regime and the dynamically 

changing 0 2 on algal growth

The specific g row th  rate o f Neochloris oleoabundans under dynam ic oxygen 

concentra tion  and sub-saturated light conditions was determ ined. The 

experim enta l run can be divided in six d iffe ren t phases. In itia lly, the  

pho tob io reac to r was inoculated w ith  Neochloris oleoabundans  and th e  cells w ere 

grow n batch w ise (Figure 1 -  Phase 1) until the  optica l density was above 0.8 CU, 

reaching a biomass concentra tion  o f 1.05 ± 0.02 g L"1. In Phase 2 the  algal cu lture  

was d ilu ted  to  the  desired optical density w ith  th e  add ition  o f fresh cu lturing  

m edium  and a llowed to  adjust to  continuous sub-saturating ligh t cond itions and 

constant partia l oxygen pressure o f 0.21 bar fo r  2 days. A fte r th is  in itia l 

acclim ation phase, the  optical density was kept constant corresponding to  a 

biomass concentra tion o f 0.55 ± 0.02 g L"1 and showed a specific g row th  rate o f 

1.14 ±0 .0 6  d a y 1 (Table 1).
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Figure 1 - Graphical representation o f partial oxygen pressure (P02) in bar; 
optical density (OD) in CU; specific growth rate (p) in day1; 

biomass concentration (Cx) in g L1 versus time in days. P#= Phase

During th is  experim ent a typ ical circadian (daily) rhythm  in 0 2 production  can be 

observed (Figure 1). Circadian rhythm s are endogenous biological programs th a t 

tim e  d iffe re n t physiological processes to  occur at optim al phases during th e  daily 

cycle, such as cell d ivision, gene expression, etc. (Suzuki &  Johnson, 2001). This 

circadian rhythm  influences the  de te rm ina tion  o f the  specific g row th  rate and cell 

concentra tion , and th e re fo re  samples w ere  taken at daily intervals.

In Phase 3 th e  oxygen concentra tion  was contro lled  at Po2 = 0.21 bar, bu t now  the  

ligh t was tu rned  on fo r  30 m inutes and tu rned  o ff during 6 m inutes (ligh t regime 

30/6) to  m im ic the  darkness during degassing. The biomass concentra tion  was 

constant a t 0.55 ± 0.01 g L"1 and a fte r 4 days the  specific g row th  rate  was 

determ ined to  be 0.8 ± 0.16 day"1, showing th a t the  algal g row th  rate decreased
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due to  the  ligh t regime applied in the  experim ents. This measured specific g row th  

rate  was used as reference value fo r  the  specific g row th  rate measured during the  

phase in w hich th e  e ffect o f dynam ically changing oxygen concentra tion  is applied 

at the  same ligh t regim e o f 30/6.

In Phase 4 the  oxygen was contro lled  at a constant partia l pressure o f 0.21 bar 

and a ligh t regime corresponding to  300 m inutes lights on and 6 m inutes lights o ff 

(300/6) was applied. The biomass concentra tion  was again 0.55 ± 0.01 g L"1 and 

the  specific g row th  rate obta ined a fte r 3 days was 1.09 ± 0.05 day"1 and thus only 

4% low er than  th e  g row th  rate at continuous ligh t and about 1.4 tim es higher 

than  at a ligh t regime o f 30/6 . This specific g row th  rate served as reference fo r  the  

fina l phase o f th e  experim ent w hen the  algae grow ths w ere  investigated when 

exposed to  high oxygen levels fo r  300 m inutes.

Table 1 - Average biomass concentration, specific growth rate and biomass yield on 
photons o f Neochloris oleoabundans during each phase o f the experimental run

Cx ± Stdev p ± Stdev Yx,ph ± Stdev

(g L 1) (d a y 1) (g m o l-ph '1)

P I -  Batch 1.05 ±0 .02 N /A N/A
P2 - Continuous light - 
Po2=0.21 bar

0.55 ±0 .02 1.14 ±0 .06 1.15 ±0 .0 4

P3 - Light regim e 30/6  - 
Po2=0.21 bar

0.55 ±0 .01 0.80 ±0 .16 0.97 ±0 .03

P4 - Light regim e 300/6  - 
Po2=0.21 bar

0.55 ±0 .01 1.09 ±0 .05 1.12±0.02

P5 - Light regim e 30/6  - 
Dynamic PO2=0.21/0.63 bar

0.49 ±0 .01 0.82 ±0 .0 4 0.88 ±0 .02

P6 - Light regim e 300/6  - 
Dynamic PO2=0.21/0.63 bar

0.51 ±0 .03 1.07 ±0 .12 1.01 ±0 .07

During Phase 5 dynam ic oxygen cond itions w ere applied and th e  reactor was 

operated at a ligh t regim e o f 30 m inutes lights "O n" and 6 m inutes lights "O ff". 

The oxygen was a llowed to  build up from  Po2 = 0.21 bar to  Po2 = 0.63 bar fo r  30 

m inutes and then  was forced to  decrease to  starting level during 6 m inutes o f 

degassing. A t those cond itions a specific g row th  rate o f 0.82 ± 0.04 day '1 (Table 1) 

was measured w hich does no t d iffe r from  the  specific g row th  rate o f 0.80 ± 0.16

62



Effect o f  dynam ic oxygen concentra tion on the g row th  o f  Neochloris oleoabundans
a t sub-satura ting  lig h t conditions

day"1 measured in the  reference experim ent (Phase 3).This shows th a t the  

dynam ic change in oxygen concentra tions as such does no t con tribu te  to  the  

decrease o f the  g row th  rate at the  sub-saturating ligh t cond itions used.

The fina l phase (Phase 6) o f th is  experim ent was perform ed using an exposure 

tim e  a t high oxygen concentra tion  o f Po2 = 0.63 bar fo r  300 min, fo llow ed  by 6 

m inutes fo r  degassing and the  ligh t supply contro lled  using th e  300 /6  ligh t regime. 

The specific g row th  o f th e  algae measured was 1.07 ± 0.12 day '1. W ith  only a 

m inor decrease in g row th  rate com pared w ith  the  reference experim ent (Phase 

4), th is resu lt confirm s once again th a t the  decrease in th e  specific g row th  rate  o f 

Neochloris oleoabundans is no t caused by th e  build-up o f the  oxygen 

concentra tion  bu t th a t th e  ligh t regime applied is fa r m ore im p o rta n t fo r  the  

g row th  o f the  algae.

W hen com paring the  specific g row th  rate at constant oxygen concentra tion  

(Po2=0.21 bar) and applying a light regim e 30/6  (P3), w ith  th e  one obta ined at 

continuous light and constant P02= 0.21 bar (P2), th e  dark period th a t algae w ere 

experiencing resulted in a decrease o f th e  specific g row th  rate from  1.14 ± 0.06 

day"1 dow n to  0.80 ± 0.16 day"1. A t constant oxygen concentra tion  (Po2= 0.21), 

ligh t regime 300/6  (P4) and constant oxygen concentra tion  (Po2= 0.21 bar), 

continuous ligh t (P2) th e  decrease in g row th  rate was less pro found. A t a ligh t 

regim e 300 /6  the  algae w ere exposed to  dark periods less o ften  (compared w ith  

ligh t regime 30/6) and the  decrease in th e  specific g row th  rate  was lower. The 

dynam ic oxygen cond itions fo r  th e  both  light regimes (30/6  and 300/6) (P5 and 

P6) did no t give rem arkable changes in the  specific g row th  rate  com pared w ith  

the  corresponding reference (P3 and P4) g row th  rates obta ined at constant 

oxygen concentra tion  (Po2= 0.21 bar).

4.3.2. Effect on biomass yield on photons

In Table 1 the  biomass yield on photons, calculated based on the  biomass 

p roduction  rate and ligh t supply rate, is expressed as the  am oun t o f ligh t energy 

th a t is converted in to  biomass per mol o f photons supplied in the  PAR range (g 

m ol-ph"1). Under dynam ic oxygen concentra tions a biomass yield on photons o f 

0.88 ± 0.02 g m ol-ph"1 (P5) and 1.01 ± 0.07 g m ol-ph"1 (P6) was calculated. The
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m axim um  biomass yield on photons calculated in th is  experim ent was 1.15 ± 0.04 

g m ol-ph"1 (P2) under continuous light and constant oxygen concentra tion  

(Po2=0.21 bar). This value is higher than the  value fo r  Neochloris oleoabundans  

obta ined by Pruvost e t al. (2009). They reported  a vo lum etric  biomass 

p roductiv ity  fo r  Neochloris o leoabundans  o f 0.55 kg m"3 day"1 and when th is value 

is com bined w ith  the  provided data o f inc ident ligh t flux  and the  illum inated  

surface to  vo lum e ratio  o f th e  reactor used at continuous light cond itions (ligh t- 

lim ited  g row th), a biomass yield on photons o f 0.71 g m ol-ph"1 is calculated. 

Neochloris o leoabundans  exposed to  dynam ic oxygen concentra tions and sub- 

saturating ligh t cond itions still exhibits s im ilar high biomass yield on photons. In 

previous w ork  on the  e ffect o f continuous oxygen concentra tions (Po2=0.63 bar) 

on th e  algal g row th  o f Neochoris o leoabundans  at sub-saturating ligh t in tensities a 

biomass yield on photons o f 1.07 ± 0.10 g m ol-ph"1 was obta ined (Sousa e t al., 

2012). These results clearly show th e  e ffect o f tem pora ry  exposure o f the  algae to  

dark regimes. Evaluating the  results from  P3 and P4 it is fa ir to  say, th a t once the  

ligh t exposure was increased by a fa c to r 10 we w ou ld  expect a larger increase in 

specific g row th  rate than  the  1.4 tim es found. In add ition, a s im ilar biomass yield 

in photons w ou ld  be expected during the  w ho le  experim ent. But we have to  take 

in consideration, th a t no t all th e  ligh t th a t fa lls on the  pho tosyn the tic  antenna 

complexes is absorbed. A part o f the  ligh t is absorbed and used fo r  photosynthesis 

bu t another part ju s t passes th rough  th e  cells. A nother fa c to r to  consider is the  

energy required fo r  m aintenance. All the  processes needed fo r  the  algae to  

survive except g row th , also require  energy and during the  darkness periods, 

energy is needed fo r  resp ira tion and storage o f com pounds (Vejrazka e t al., 2011).

4.3.3. Chlorophyll and carotenoid content

To ve rify  if app lica tion o f d iffe ren t ligh t regimes and dynam ically changing oxygen 

concentra tion  lead to  add itiona l photo-acclim ation  and p ho to -inh ib ition  effects 

on the  g row th  rate, th e  ch lorophyll and caroteno id  con ten t o f th e  algae was 

measured during th e  subsequent phases o f the  experim ent (Figure 2).
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Figure 2 - Total chlorophyll content and carotenoids in Neochloris oleoabundans 
at different phases in the experimental run. P= Phase 

(see Table 1 fo r  the conditions at which the samples were taken)

The ch lorophyll con ten t o f the algae was fo llow ed  during the w hole  experim ental 

run and the  cells show typical photo-acclim ation effects. Chlorophyll con ten t 

decreased when m ore light was available per cell and increased in case less light 

was provided The highest am ount o f ch lorophyll per dry w e igh t was measured in 

P I (29 mg g"1) at the  end o f the batch, when the  biomass density inside the 

pho tob io reac to r was re lative ly high and less light was available per cell. During 

tu rb ido s ta t opera tion , the ch lorophyll con ten t was in general lower, as the 

biomass density was kept constant at relative low  biomass concentra tion  (Figure 

l).The  differences in ch lorophyll con ten t observed during the d iffe ren t tu rb ido s ta t 

phases was not caused by the higher oxygen concentra tions applied but due to  

the d iffe ren t exposure tim es o f the algae to  the  light. The shortest (P3 and P5) 

periods o f exposure resulted in h igher ch lorophyll concentra tions and the longest 

exposures o f tim e  (P4 and P6) in low er concentrations. No differences can be 

observed when com paring the average ch lorophyll con ten t o f the cells exposed to
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the  same ligh t regime, bu t at low  oxygen concentra tion  (P3 and P4) and the  

ch lo rophyll con ten t o f the  cells subjected to  dynam ically changing oxygen 

concentra tions (P5 and P6).

Carotenoids are known as pho top ro tec tive  pigments. Their con ten t norm ally 

increases when the  algae cells are exposed to  high light in tensities (Dubinsky & 

Stambler, 2009). The reason fo r  th a t is th e ir  func tion  to  dissipate excess energy o f 

exited ch lorophyll and also e lim ina ting  ROS (Lawlor, 2001). The am ount o f 

carotenoids rem ained constant over the  w ho le  experim ent. N either the  oxygen 

levels in th e  m edium , nor the  ligh t regimes applied affected the  caroteno id  

content, w hich indicates th a t add itiona l p ho to -inh ib ition  effects did no t in te rfe re  

at th e  ligh t conditions used. In add ition, the  applied oxygen concentra tion  did no t 

lead to  extra fo rm a tion  o f th is  pho top ro tec tive  pigm ent, dem onstra ting  th a t 

oxygen as such does no t induce p ho to inh ib ition .

4.3.4. Final remarks

In closed pho tob io reac to r systems, oxygen accum ulation leads to  an increase o f 

the  O 2 /C O 2 ra tio  in the  m edium , p rom oting  the  oxygenase activ ity  o f th e  enzyme 

and activating the  pho to resp ira to ry  pathway. Dissolved oxygen concentra tions in 

photob ioreactors can easily increase up to  4 tim es air sa turation (Carvalho e t al., 

2006; Weissman e t al., 1988). The oxygen build-up and accum ulation is a 

particu la rly  serious problem  which u ltim a te ly  results in decreases in specific 

g row th  rates and biomass productiv ities. Oxygen concentra tions above 1.5 to  2 

tim es air sa turation inh ib it algal g row th  (Ota et al., 2011; Raso e t al., 2011; Ugwu 

e t al., 2007). For w o rk  perform ed at ou td oo r conditions, the  oxygen problem  is 

taken in to  consideration by w ork ing  at oxygen concentra tions below  inh ib iting  

levels fo r  the  m icroalgal cultures. The m ost com m only used strategy to  m aintain 

th e  oxygen level be low  inh ib iting  levels is the  im p lem enta tion  o f degassers 

(Fernandez e t al., 2001; Fuentes e t al., 1999; Pirt e t al., 1983; Richmond e t al., 

1993; Travieso et al., 2001). In a review  o f enclosed system designs and 

perform ances Carvalho et al. (2006) state th a t a universally op tim um  gas transfe r 

device does no t exist. In all the  cases, an overall decrease in specific g row th  rates 

under oxygen accum ulation was observed a nd /o r expected. Based on th a t, a 

low er g row th  rate was also expected w hen dynam ically changing oxygen
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concentra tions w ere  applied, once the  m icroalgae cultures w ere  anyhow  exposed 

to  high oxygen concentra tions fo r  a period o f tim e. The results obta ined in th is 

study however, showed no s ign ificant change in th e  specific g row th  rate caused 

by th e  high oxygen concentra tion. In add ition, high oxygen concentra tions did not 

lead to  changes in p igm entation, w hich indicates th a t the  cells did no t activate 

pro tective  mechanisms against pho tooxida tive  damage. The observation th a t the  

g row th  rate and the  biomass yield on photons is no t a ffected by the  dynam ically 

changing oxygen concentra tion  could be explained by th e  presence o f a carbon 

concentra ting mechanism (CCM) in Neochloris o leoabundans  th a t is activated at 

e levated oxygen concentra tions in the  m edium . CCM's are considered responsible 

fo r  m in im izing pho toresp ira tion  by increasing the  dissolved inorganic carbon 

concentra tion  in the  cell via active tran spo rt o f C 0 2 and HC03" (Kaplan & 

Reinhold, 1999). This increase in C 0 2 concentra tion  helps th e  carboxylation 

reaction and inh ib its  th e  oxygenase activ ity  o f the  Rubisco. Consequently 

increases photosynthesis and reduces pho toresp ira tion  (Huertas e t al., 2000).

4.4. Conclusions
The e ffect o f dynam ic oxygen concentra tions and ligh t/d a rk  regime o f ligh t on 

g row th  o f Neochloris oleoabundans  was evaluated. Gradual increase o f the  

oxygen concentra tion  from  Po2 = 0.21 bar up to  0.63 bar, fo llow ed  by period o f 

rapid degassing did no t bring s ign ificant decrease in the  specific g row th  rate. 

Furtherm ore even w hen th e  algae w ere  exposed fo r  300 m inutes at high oxygen 

concentra tion , the re  was no sign ificant change in th e  specific g row th  rate o f the  

algae Neochloris oleoabundans. Obtained results show th a t th e  residence tim e  o f 

th e  algae on the  solar receiver could be increased up to  10 x w ith o u t degassing. A 

s ign ificant decrease o f the  algae specific g row th  was observed when applying light 

regime o f 30 m inutes ligh t "O n" and 6 m inutes lights "O ff", proving th a t the  

exposure o f th e  algae cells to  dark periods in th e  degasser has a bigger negative 

im pact than  th e  exposure to  high oxygen concentra tion  as such. The results o f th is 

study clearly show th a t op tim iza tion  o f closed photob ioreactors based on the  

observed algae physiology under dynam ic oxygen concentra tion  w ill result not 

only in a reduction o f th e  num ber o f the  degassing units, bu t also by doing so it 

w ill con tribu te  fo r  keeping higher g row th  rate and higher biomass production
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respectively. Reducing th e  am ount o f degassing units and increasing th e ir  

degassing capacity, to  m in im ize th e  tim e  o f darkness the  algae are exposed to , w ill 

result in substantia l savings in design and opera tion  o f plants fo r  m icroalgae 

production.
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Chapter 5. E ffe c t o f  D ynam ic Oxygen C o n c e n tra tio n s  on th e  

g r o w th  o f  N eochloris  o l e o a b u n d a n s  a t  high l ig h t  

CONDITIONS

Claudia Sousa1' 2, M arian H. Verm uë2and Rene H. W ijffe ls2

1 Wetsus, P.O. Box 1113, 8900 CC Leeuwarden, the Netherlands

2 Bioprocess Engineering, Wageningen University, P.O. Box 8129, 6700 EV, Wageningen, 
the Netherlands

A bstrac t - Dynamically changing oxygen concentra tions experienced in closed 

pho to -b io reacto r system w ere  sim ulated in CSTR at high ligh t in tensity. The e ffect 

o f 10 tim es e longation o f the  residence tim e  in the  solar receiver was 

investigated. W hen th e  algae w ere  exposed to  constant oxygen concentra tion  and 

constant high ligh t the  specific g row th  rate was 1.29 ± 0.08 day"1. Using a light 

regime o f 30 m inutes ligh t ON fo llow ed  by 6 m inutes lights OFF and degassing 

resulted in a specific g row th  rate o f 0.84 ± 0.09 day"1, e longation o f the  tim e  

(lights ON) to  300 m inutes resulted in 1.18 ± 0.05 day"1. W hen dynam ically 

changing oxygen concentra tions w ere  applied, s im ilar specific g row th  rates w ere 

obta ined. These results ind icate th a t algae do no t experience the  expected pho to- 

oxidative  inh ib ition  caused by high oxygen concentra tion  in com bination w ith  high 

light, as long as the  oxygen is rem oved via regular degassing. The tem pora ry  

exposure o f th e  algae to  the  darkness in th e  degasser has m ore im pact on the  

p roductiv ity .

Key w ords: tu bu la r photob ioreactors, dynam ic oxygen, Neochloris oleoabundans, 

high light intensities
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5 .1 . In troduction

High g row th  rates and high lipid con ten t com bined w ith  th e  non-com petitiveness 

w ith  food , make m icroalgae one o f the  m ost a ttrac tive  resource fo r  biodiesel 

p roduction  (Gong & Jiang, 2011; W ijffe ls  e t al., 2010). To make large-scale 

ou td oo r production  o f m icroalgae fo r  biodiesel econom ically feasible, design and 

deve lopm ent o f pho tob ioreactors fo r  m icroalgal cu ltiva tion  is subject o f many 

studies th a t focus on m axim ization o f the  m icroalgae p roduction  (Norsker e t al., 

2011; Singh &  Sharma, 2012; W ijffe ls  &  Barbosa, 2010). Tubular photob ioreactors 

are presented as a cost e ffic ien t system w ith  room  fo r  im provem ent (Norsker et 

al., 2011). These types o f closed pho tob ioreacto rs are already used as ou tdoo r 

cu ltiva tion  systems fo r  m icroalgae (M olina e t al., 2001; Pirt e t al., 1983; Torzillo et 

al., 1993; Tredici &  Z itte lli, 1998) bu t a lo t o f energy is used fo r  the  C 0 2 supply and 

to  p revent 0 2 accum ulation (Norsker e t al., 2011). Studies on th e  e ffect o f oxygen 

on m icroalgae g row th  at constant oxygen concentra tions and constant ligh t 

in tensities revealed th a t 0 2 accum ulation leads to  a decrease in specific g row th  

rate (Kliphuis e t al., 2011; Raso et al., 2011; Sousa e t al., 2012). In practice, 

however, algae cu ltured  in tu bu la r pho tob io reac to r systems are no t subjected to  

constant oxygen concentrations, bu t they  experience an increasing oxygen 

grad ient along the  tube  length and at th e  end o f the  tu be  th e  high oxygen level 

could lead to  decreasing g row th  rate (Ugwu e t al., 2008). Therefore  at th e  end o f 

the  tu be  a degassing un it is placed, w here  the  accum ulated oxygen is rem oved to . 

To tes t if indeed, the  accum ulation o f oxygen caused a decrease o f the  g row th  

rate, Sousa e t al (2013b) measured the  in-vivo  g row th  rate o f Neochloris 

oleoabundans at dynam ically changing oxygen concentra tions (PO2=0.21/0.63 bar) 

and low  ligh t in tensity  (200 pm ol m"2 s"1) fo llow ed  by a short dark period o f 

degassing to  s im ulate th e  dynam ically changing oxygen and light conditions 

experienced by algae in a tubu la r pho tob io reacto r system. Surprisingly, no 

s ign ificant decrease in specific g row th  rate was found. A t these low  ligh t 

intensities, the  grow  rate decreased only due to  the  e ffect o f less light availab ility  

during the  sim ulated dark periods in the  degasser. This indicated th a t 0 2 

accum ulation did no t lead to  add itiona l pho toresp ira tion  effects as long as the  0 2 

was rem oved frequen tly  (Sousa e t al., 2013b).
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In ou td oo r conditions light cond itions vary over th e  day and over th e  seasons. 

M oreover, especially during the  start-up  o f the  cultures when the  biomass 

concentra tion  is still low , the  algae may also experience higher ligh t intensities. At 

high ligh t intensities, th e  com bination o f high 0 2 and high ligh t add itiona l 

pho to inh ib ition  effects can be expected (Kliphuis e t al., 2011; Raso e t al., 2011; 

Sousa e t al., 2012) due to  the  fo rm a tion  o f oxygen radicals and o the r reactive 

oxygen species (ROS) (M ura ta  et al., 2007) and fo rm a tion  o f the  highly reactive 

singlet oxygen via pho toactiva tion  (Triantaphylides et al., 2008). It is no t clear 

however, how the  algae w ill respond on th e  dynam ically changing oxygen 

concentra tions in a tu bu la r pho tob io reacto r system w h ile  the  algae are exposed 

to  high ligh t in tensities fo llow ed  by short periods o f darkness in the  degasser. To 

sim ulate these cu ltiva tion  conditions, a fu lly  contro lled  Continuous Stirred Tank 

Reactor (CSTR) operated in tu rb ido s ta t m ode was used to  cu lture  Neochloris 

oleoabundans (UTEX1185) at high light in tens ity  (500 pm ol m"2 s"1) and th e  specific 

g row th  rate was measured. In add ition , the  tim e  at which the  algae w ere  exposed 

to  high partia l oxygen pressures was extended to  de te rm ine  th e  e ffect o f a ten 

tim es longer residence tim e  at high ligh t cond itions on the  specific g row th  rate  o f 

the  algae. This experim ent was included because in previous w ork  at low  light 

cond itions the  e longation o f the  tim e  spent in th e  tubes, did no t a ffect th e  specific 

g row th  rate. If extension o f th e  tim e  spend at high oxygen concentra tion  and high 

ligh t irradiance does no t a ffect th e  g row th  rate, th is  w ou ld  ind icate th a t the  

period th a t cells spend in the  dark degasser can be decreased considerably, 

leading to  higher productiv ities.

5.2. Material and method

5.2.1. Culture and photobioreactor system

Neochloris o leoabundans  (UTEX 1185) was pre-cu ltured in adapted f /2  m edium  

(Guillard &  Ryther, 1962) and used as inoculum s in 3L b io reactor (Applikon 

Biotechnology, The Netherlands), operated in tu rb ido s ta t mode. The reactor 

system and contro lling  apparatus is described by Sousa e t al. (2012).
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5.2.2. Light regime

Light was provided by tw o  LED ligh t panels (20x20 cm) (SL3500, Photon Systems 

Instrum ents, Czech Republic), w hich w ere set to  supply an average inc ident ligh t 

o f ~500 pm ol m"2 s"1 on the  surface o f the  reactor walls. The ligh t sources were 

connected to  a Siemens PLC Relay (LOGO!) ligh t con tro lle r to  sim ulate the  

darkness period in th e  degasser o f a tubu la r PBR system. Two d iffe ren t tim e  

regimes fo r  th e  ligh t w ere used, re lated w ith  th e  oxygen conditions applied during 

the  experim ents. The f irs t one was 30 m inutes ligh t "O n" and 6 m inutes ligh t "O ff" 

(30/6  regime). This regime was applied during dynam ic oxygen conditions, when 

the  algae w ere  a llowed to  produce and accum ulate oxygen from  PO2=0.21 bar up 

to  Pq2=0.63 bar. A fte r th is  phase a degassing phase was in itia ted . During the  

degassing phase the  ligh t con tro lle r sw itch to  Lights "O ff" regim e a llow ing rapid 

degassing o f th e  liqu id  vo lum e back to  starting  oxygen levels o f Po2=0.21 bar in 6 

m inutes.

The second tim e  regime th a t was used, operated at 300 m inutes ligh t "O n" and 6 

m inutes ligh t "O ff" (300/6  regime). This regim e was applied during cu lturing  the  

algae at high oxygen levels (Pq2=0.63 bar) fo r  300 m inutes. The degassing phase 

was perform ed at six m inutes lights "O ff".

5.2.3. Off-line analysis of samples

Trip lica te  samples o f 5 ml w ere collected on a daily base fo r  dry w eight 

de te rm ina tion . The samples w ere d ilu ted  w ith  10 ml am m onium  fo rm a te  (0.5M) 

and filte re d  using pre-weighed glass fib e r-filte rs  (W hatm an GF/F). An add itiona l 

40 ml o f am m onium  fo rm a te  (0.5M) was used fo r  washing the  biomass on the  

filte rs . Filters w ith  biomass w ere  dried at 95 °C fo r  24 hours in a lum in ium  trays, 

cooled in desiccator fo r  2 hours and weighed on a 5 d ig it analytical balance 

(ME235P-SD, Sartorius, Germany).

For ch lorophyll and to ta l caro teno id  de te rm ina tion  samples w ere  collected on a 

daily base and centrifuged at 3750 rpm fo r  10 m in. at 4 °C. The pellets w ere frozen 

at -80°C. The p igm ent extraction was done by add ition  o f 5mL o f 100% m ethanol 

to  each tube. The tubes w ere  then  placed fo r  5 m in. in u ltrasonic bath (Sonorex 

Digitec, Bandelin). A fterw ards the  samples w ere incubated fo r  40 m in at 60 °C and
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fo r  ano ther 15 m in a t 0 °C and centrifuged once m ore at the  same conditions. The 

supernatant was collected and the  ch lo rophyll and caroteno id  was determ ined by 

m easuring th e  optical density at 470nm , 652 nm and 665 nm in a UV-visible 

spectropho tom ete r (UV_1650 PC, Schimadzu). M od ified  A rnon's equations w ere 

used to  de te rm ine  th e  ch lo rophyll and caro teno id  con ten t (Lichtenthaler, 1987). 

Chlorophyll and caroteno id  con ten t w ere  expressed per gram o f biomass, 

calculated based on the  d ry  w e igh t concentra tion  o f the  samples used (Cuaresma 

e t al., 2011).

5.3. Results and discussion

5.3.1. Effect of dynamic 0 2 and light regime on algal growth

Figure 1 shows tw o  typ ical b io reactor runs to  determ ine the  effects o f constant 

and dynam ically changing oxygen concentra tion  w hile  using d iffe ren t tim e  

regimes fo r  oxygen build-up at high ligh t cond itions fo llow ed  by a period o f 

darkness during which the  oxygen is removed.
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Figure 1 - Graphical representation o f partial oxygen pressure (Po2) in bar; optical density 
(OD) in CU; specific growth rate (p) in day1; biomass concentration (CJ in g L'1 versus time 

in days on a typical experimental run.
(P2) Continuous Light - Constant PO2=0.21 bar; (P3) Light Regime 30/6 - Constant PO2=0.21 

bar; (P4) Light Regime 300/6 - Constant PO2=0.21 bar; (P5) Light Regime 30/6 - Dynamic 
Po2=0.21/0.63 bar; (P6) Light Regime 300/6 - Dynamic PO2=0.21/0.63 bar.
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The experim enta l run represented in Figure 1 a) can be divided in 4 d iffe ren t 

phases. In itia lly, th e  pho tob io reac to r was inoculated w ith  Neochloris 

oleoabundans  and th e  cells w ere grow n batch wise (Figure la  - Phase P I) until an 

optical density o f 0.8 CU was reached, corresponding to  a biomass concentra tion  

o f 0.50 ± 0.02 g L 1. In Phase P2 th e  algal cu ltu re  was a llowed to  adjust to  

continuous high ligh t cond itions and a constant partia l oxygen pressure o f 0.21 

bar. A fte r an in itia l acclim ation period o f 2 days at a contro lled  optical density o f 

0.8 CU the  specific g row th  rate was determ ined from  the  m edium  o u tflo w  o f the  

pho tob io reac to r and at these cond itions th e  specific g row th  rate was found  to  be 

1.29 ± 0.08 day"1 (Figure la ,  Table 1). Phase P3 corresponds to  a ligh t regime 30 

m inutes ligh t ON and 6 m inutes ligh t OFF at constant Po2 o f 0.21 bar and Phase P4 

300 m inutes ligh t ON and 6 m inutes ligh t OFF measured at the  same constant Pq2 

o f 0.21 bar.

In Figure 1 b), th e  measured data in th e  experim ent w ith  dynam ically changing 

oxygen concentra tions are shown. During Phase P5 dynam ic oxygen cond itions 

w ere  applied and th e  reactor was operated at a ligh t regime o f 30 m inutes lights 

"O n" and 6 m inutes lights "O ff". The oxygen was a llowed to  build up from  

Po2=0.21 bar to  PO2=0.63 bar fo r  30 m inutes and then  was forced to  decrease to  

starting  level during 6 m inutes o f degassing. A t those cond itions th e  specific 

g row th  rate was 0.97 ± 0.11 day '1 (Table 1) and showed a higher specific g row th  

rate than  th e  one measured in the  reference experim ent (Phase P3).This shows 

th a t the  dynam ic change in oxygen concentra tions as such, does no t con tribu te  to  

the  decrease o f the  g row th  rate  at th e  high ligh t cond ition  used. Phase P6 was 

perform ed using an exposure tim e  at high oxygen concentra tion  o f Pq2=0.63 bar 

fo r  300 min, fo llow ed  by 6 m inutes fo r  degassing and th e  ligh t supply contro lled  

using the  300 /6  ligh t regime. The specific g row th  o f the  algae measured was 1.10 

± 0.1 d a y 1. W ith  no sign ificant decrease in g row th  rate com pared w ith  the  

reference experim ent (Phase P4), th is  result confirm s once again th a t the  

decrease in th e  specific g row th  rate o f Neochloris o leoabundans  is no t caused by 

th e  build-up o f the  oxygen concentra tion  bu t th a t th e  light regim e applied is m ore 

im p o rta n t fo r  the  g row th  o f the  algae.
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Table 1 - Average biomass concentration and specific growth rate o f Neochloris
oleoabundans during each phase o f the experimental run

Cx ± Stdev p ± Stdev

(g L"1) (d a y 1)

Batch phase (P I) - -
Continuous Light - 
Constant PO2=0.21 bar (P2)

0.50 ±0 .02 1.29 ±0 .0 8

Light Regime 30/6  -
0.53 ±0 .01 0.84 ±0 .09

Constant PO2=0.21 bar (P3)

Light Regime 30/6  -
0.55 ±0 .02 0.97 ±0 .11

Dynamic PO2=0.21/0.63 bar (P5)

Light Regime 300 /6  -
0.52 ±0 .005 1.18 ± 0 .1 4

Constant PO2=0.21 bar (P4)

Light Regime 300 /6  -
0.54 ±0 .03 1.10 ±0 .10

Dynamic PO2=0.21/0.63 bar (P6)

W hen com paring the  specific g row th  rate at constant low  oxygen concentra tion 

(Po2=0.21 bar) and applying a light regim e 30/6  (P3), w ith  th e  one obta ined at 

continuous ligh t and constant PO2=0.21 bar (P2), the  dark period th a t algae w ere 

experiencing resulted in a decrease o f th e  specific g row th  rate from  1.29 ± 0.08 

day"1 dow n to  0.84 ± 0.09 day"1. A t constant low  oxygen concentra tion  (PO2=0.21), 

ligh t regim e 300 /6  (P4) and constant oxygen concentra tion  (PO2=0.21 bar), 

continuous ligh t (P2) the  decrease in g row th  rate is much smaller. A t a light 

regime 300 /6  th e  algae w ere  exposed to  dark periods less o ften, com pared w ith  

ligh t regim e 30/6  resulting in the  observed decrease in the  specific g row th  rate.

The dynam ic oxygen cond itions fo r  th e  both ligh t regimes (30 /6  and 300/6) (P5 

and P6) did no t give rem arkable changes in th e  specific g row th  rate com pared 

w ith  th e  corresponding references (P3 and P4) g row th  rates obta ined at constant 

oxygen concentra tion  (PO2=0.21 bar). W hen considering th e  p roductiv ity  in closed 

pho tob io reac to r systems these results show th a t the  ligh t inpu t plays a fa r m ore 

im p o rta n t role than  th e  oxygen build-up, as long as oxygen is rem oved at a regular 

basis.
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5.3.2. Chlorophyll and carotenoid content

Being exposed to  average high ligh t conditions com bined w ith  high oxygen 

concentra tion  the fo rm a tion  o f ROS and singlet oxygen is bound to  occur. 

M icroalgae have developed photo  adaptive and photo  pro tective  mechanisms to  

deal w ith  such unfavorable pho to-oxidative  stress conditions, to  p ro tec t th e ir 

pho tosyn the tic  apparatus (Amara e t al., 2012; Dubinsky & Stambler, 2009). A t 

e levated oxygen concentra tions in the  pho tob io reacto r was thus expected to  

induce extra carotenoid p roduction  to  p ro tec t the  cells by quenching the  

e lectrons and act as an ti-ox idan t against the  ROS fo rm ed. (Demmig-Adams & 

Adams, 2002)
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Figure 2 - Ratio o f tota l carotenoid and chlorophyll a+b content in 
Neochloris oleoabundans at the different phases.

P= Phase (see Figurel fo r  the description o f the different phases)

Figure 2 shows th a t the  ratio  o f carotenoids and ch lorophyll remained stable fo r 

all the  phases. The expected change in p igm entation  at dynam ically changing
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oxygen concentra tions was no t observed, ind icating th a t th e  cells did no t show 

any oxidative  stress responses at th e  applied oxygen and ligh t conditions.

5.4. Conclusions
The e ffect o f dynam ic oxygen concentra tions and ligh t/da rk  regim e o f high light 

on g row th  o f Neochloris o leoabundans  was evaluated. As in the  previous w ork  

under low  ligh t intensity, th e  gradual increase o f th e  partia l oxygen concentra tion  

up to  0.63 bar, fo llow ed  by period o f rapid degassing did no t bring sign ificant 

decrease in th e  specific g row th  rate. A dd itiona lly  w hen th e  algae w ere  exposed 

fo r  300 m inutes at high oxygen concentra tion , th e re  was no s ign ificant change in 

the  specific g row th  rate o f the  algae Neochloris oleoabundans. These results 

ind icate th a t the  algae do no t experience the  expected pho to-ox ida tive  inh ib ition  

caused by high oxygen concentra tion  in com bina tion  w ith  high light, as long as the  

oxygen is rem oved via regular degassing. But they  also show th a t the  tem pora ry  

exposure to  accum ulating oxygen concentra tions in th e  solar receiver has less 

im pact on th e  g row th  rate than the  residence tim e  o f the  algae in the  dark zone o f 

th e  degasser. This indicates th a t the  num ber o f degassers in large-scale 

p roduction  o f algae can be reduced w ith o u t severe loss o f biomass due to  

pho toresp ira tion  and pho to-ox ida tion . M oreover, decreasing th e  num ber o f 

degasser w ill lead to  increased p roductiv ity , as th e  algae spend re la tive ly  sm aller 

t im e  in the  dark zone o f the  degasser.
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Chapter 6 . O xyg en  p r o d u c t io n  in  p h o to b io r e a c to r s  
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3 Wageningen UR, AlgaePARC, www.AlgaePARC.com

4 Food and Biobased Research, Wageningen UR, Bornse Weilanden 9, 6708 WG, 
Wageningen, the Netherlands

6.1. Introduction
N aturally o il-rich  m icroalgae like Neochloris o leoabundans fo rm  an a ttractive  

renewable source fo r  b io fuel production . The ou td oo r large-scale p roduction  is 

techn ica lly feasib le bu t still faces m ajor challenges concerning the  econom ic 

feas ib ility  and the  energy balance (Cheng &  Tim ilsina, 2011; Norsker e t al., 2011; 

Stephens e t al., 2010a; Stephens e t al., 2010b). .

For cu rren t ou td oo r p roduction  tw o  m ajor algae cu ltiva tion  systems can be 

distinguished; open and closed systems. Open raceway ponds are the  m ost used 

systems w orldw ide , because they  are cheap in investm ents and opera tion  costs. 

In add ition, the  energy balance fo r  biomass p roduction  in these systems is 

positive (Norsker et al., 2011). The m ajor drawback is th a t they  are vu lnerable  fo r 

con tam ina tion  and can only be used fo r  production  o f fast grow ing algae or algae 

species th a t can grow  under extrem e conditions, like high salt or high pH, th a t 

prevent invasions by contam inants (Amaro et al., 2012; Pulz, 2001). A nother 

disadvantage is th a t they  opera te  at low  biomass densities which make harvesting 

o f the  cells energy dem anding and costly (Salim e t al., 2012).

In closed pho tob io reac to r systems (PBR) higher biomass densities can be achieved 

w ith  sm aller risk fo r  contam ination, bu t so far, no positive energy balance is 

achieved in these systems and th e  costs fo r  p roduction  are still to o  high
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(Dismukes e t al., 2008; Norsker et al., 2011; W ijffe ls  &  Barbosa, 2010; W ijffe ls  et 

al., 2010). Especially the  high energy inpu t required fo r  m ixing still fo rm s a m ajor 

bo ttleneck (Norsker e t al., 2011). The m ixing in closed PBR's is needed to  provide 

the  algae w ith  su ffic ien t ligh t and carbon d ioxide and to  rem ove the  

photosyn the tica lly  produced oxygen. If no t rem oved, the  accum ulating oxygen 

w ill inh ib it th e  g row th  o f th e  algae via pho toresp ira tion  and w ill cause pho to- 

oxidative  damage as a result o f p ho to inh ib ition , especially a t high ligh t in tensity. 

There are indications, however, th a t the  energy needed fo r  m ixing can be reduced 

considerably. (Norsker e t al., 2011). Sousa et al. (2012) proved th a t add ition  o f 

extra b icarbonate to  the  m edium  is a good m ethod to  overcom e pho toresp ira tion  

and by doing so the  algae can w ithstand  high oxygen concentra tions at low  light 

in tensities (Norsker e t al., 2011; Sousa et al., 2012). This im plies th a t less energy 

w ill be needed fo r  degassing to  rem ove the  surplus o f oxygen.

It was also found  th a t algae can in fac t w ithstand  longer exposure to  e levated 

oxygen concentrations, as long as th e  oxygen is freq ue n tly  rem oved (Sousa e t al. 

2013b). This means th a t the  energy needed fo r  degassing can be fu rth e r reduced. 

Here, an overview  o f the  above-m entioned studies on effects o f oxygen on the  

algal g row th  and the  proposed m ethods to  reduce th e  energy inpu t fo r  rem oval o f 

the  oxygen w ill be provided. The effects o f im p lem enting  th e  proposed m ethods 

on the  overall energy requirem ents and costs w ill be calculated, to  ve rify  if indeed 

these m ethods w ill con tribu te  to  a positive energy balance and a considerable 

reduction o f th e  algal biomass cost.

6.1.1. Effects of oxygen on microalgal growth

In closed pho tob ioreacto rs the  oxygen produced during photosynthesis 

accumulates to  high concentra tions and induces processes like pho to inh ib ition  

and pho toresp ira tion, both leading to  a decrease o f the  yield on ligh t o f the  

m icroalgae (Torzillo e t al., 1998).
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6 .1 .1 .1 . Photorespiration

Figure 1 shows the biochemical 

reactions involved in the 
photorespiratory pathway.
Instead of two molecules of 3- 

phosphoglycerate (3-PGA), the 

reaction of ribulose bi-phosphate 
w ith 0 2 yields one molecule of 3- 
PGA and one molecule of 2- 
phosphoglycolate (2-PG). The full 
photorespiratory cycle serves as 
a carbon recovery system 
converting part of the 2-PG to 3- 
PGA that can re-enter the 
reductive cycle. A fter 2-PG is 
dephosphorylated and the 
formed glycolate is converted 
into glycine, glycine is 
decarboxylated and deaminated 

for further serine synthesis and glycerate formation. The transport of glycerate and its 
phosphorylation to 3-PGA completes the photorespiratory pathway (Foyer et al., 2009; Tchernov et 
al., 2008; Tural & Moroney, 2005; W ingler et al., 2000). During photorespiration, C02 and 
ammonium (NH4+) are lost and the ir re-fixation requires additional ATP and NADPH. This means that 
less energy is available for growth and the biomass yield on light energy will decrease when 
photorespiration occurs (Kliphuis et al., 2011). The photorespiratory pathway thus has an influence 

on the photosynthetic yield which can be defined as the amount of C02 fixed per amount of light 
energy absorbed and, as such, will directly influence the productivity of microalgae cultures.

A t sub-saturating ligh t in tensities th e  g row th  rate o f m icroalgae decreases due to  

pho toresp ira tion  (Figure 1). If th e  ra tio  betw een 0 2 and C 0 2 in th e  m edium

increases, the  oxygenase activ ity  o f the  enzyme Rubisco associated w ith

resp ira tion increases w h ile  its carboxylase activ ity  associated to  photosynthesis 

ceases. This pho toresp ira tion  e ffect was indeed found  fo r  Neochloris 

oleoabundans cu ltured  a t sub-saturating ligh t in tens ity  upon increasing the  

oxygen concentra tion  in th e  m edium  from  0.21 to  0.84 partia l pressure (Sousa et 

al., 2012). To overcom e the  inh ib ito ry  e ffect o f oxygen, the  C 0 2 concentra tion  was 

increased by the  add ition  o f extra NaHC03 to  th e  cu lture  m edium . Once the  

b icarbonate (NaHC03) concentra tion  and the  corresponding C 0 2 concentra tion

2 0 :2 CO;

2 Glycolate Glycerate-3P

2 NADH ATP + NADH

2 Glyoxylate Hydroxypyruvate
4 ATP +■ 4 NADPH

Pyruvate

NADH

4 GAP 2 Glycine Serine

- ' * ■ 2  Ribulose 1,5-bP

Figure 1 - Simplified scheme o f photosynthetic (a) and 
photorespiratory pathways (b) adapted fro m  the metabolic 
network described by Kliphuis e t al. (2011).
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w ere  increased, the  specific g row th  rate  o f th e  algae augm ented again. This 

shows th a t the  negative e ffect oxygen can be overcom e by restoring the  0 2/C 0 2 

ra tio  by an increase o f the  carbon d ioxide partia l pressure. By increasing the  

NaHC03 con ten t in the  m edium , th e  oxygen is thus a llowed to  accum ulate until 

partia l pressure o f 0.84 bar is reached, w ith o u t com prom ising on p roductiv ity . 

Add ition  o f extra NaHC03 could th e re fo re  reduce the  energy needed fo r  removal 

o f the  oxygen by degassing.

6 .1 .1 .2 . Photo inh ibition  and photo -oxidative  dam age

A t high and over-satura ting ligh t in tensities add itiona l p ho to inh ib ition  effects 

w ere  expected. A t those cond itions the  fo rm a tion  o f oxygen radicals and o the r 

reactive oxygen species (ROS) such as H20 2 happens (M urata  e t al., 2007). In 

add ition, highly reactive singlet oxygen is fo rm ed  via pho to-activa tion  

(Triantaphylides et al., 2008) and causes photo-oxidative  damage, resulting in a 

loss o f pho tosyn the tic  activ ity  and death o f cells. The specific g row th  rate o f 

Neochloris oleobundans cu ltured  at near-saturating ligh t conditions indeed 

dram atica lly  decreased from  1.36 day"1 at constant Po2 o f 0.21 to  0.68 day"1 at Po2 

o f 0.84. C ontrary to  w ha t happened at sub-saturating ligh t intensities, an increase 

o f the  PCo2 from  0.007 to  0.02 bar at Po2 o f 0.84 bar did no t have any positive 

e ffect on th e  overall g row th  o f th e  algae. A t these high ligh t conditions, 

pho to inh ib ition  seem to  dom inate  th e  pho toresp ira tion  effects and the  overall 

inh ib ito ry  e ffect o f oxygen could no t be overcom e by add ition  o f extra carbon 

dioxide.

One should realize th a t m icroalgae cu ltured  in closed pho tob ioreacto rs at high 

cell densities m ainly encounter low  ligh t conditions. In particu la r in vertical 

stacked tu bu la r photob ioreactors or in vertical fla t-pane l reactors, the  ligh t is 

d ilu ted . W hen the  algal biomass density is high enough to  prevent ligh t cond itions 

th a t evoke add itiona l, p ho to -inh ib ition  effects, th e  inh ib ito ry  e ffect o f oxygen can 

be overcom e by extra NaC03 add ition  to  the  m edium . During th e  s ta rt-up  o f a 

cu lture, when the  cu lture  is still d ilu ted , however, pho to-oxidative  damage is 

bound to  occur and add ition  o f extra NaHC03 w ill no t help to  reduce the  

inh ib ito ry  effects.

88



Oxygen production  in photob ioreactors - A look to  the economics

6.1.2. Effects of (dynamic) accumulating oxygen in closed 

photobioreactors

In closed tu b u la r pho tob lo reac to r (PBR) th e  algae do no t experience a constant 

oxygen partia l pressure bu t they  are subject to  changing oxygen concentrations. 

The algae experience an Increase In oxygen concentra tion  along the  length o f the  

tubes, and th is  may Induce reduction  o f the  g row th  rate  along th e  tubes (Ugwu et 

al., 2008). In add ition , a degassing un it Is placed at the  end o f the  tube  to  rem ove 

the  accum ulated oxygen w h ile  w hich th e  algae are deprived from  the  light. This 

dynam ic change In oxygen concentra tion  In the  tubes and the  light cond itions 

encountered during 6 m inutes degassing w ere sim ulated In a fu lly  contro lled  

closed pho tob lo reac to r and th e  g row th  rate o f Neochloris oleobundans  at 

tu rb ldo s ta t conditions was measured. This g row th  rate was com pared w ith  the  

g row th  rate o f the  algae th a t w ere  subjected to  a ten  tim es longer exposure tim e  

(300 m inutes) to  high oxygen concentrations. Surprisingly, the  algae did no t suffer 

from  th e  extension o f the  residence tim e  at high oxygen concentrations. The 

specific g row th  rate was no t a ffected by th e  dynam ically changing oxygen 

concentra tion, bu t only by th e  freq ue n t exposure to  dark periods encountered 

during degassing. A significant decrease o f the  algae specific g row th  was observed 

when applying a ligh t regime o f 30 m inutes ligh t "O n" and 6 m inutes lights "O ff".

The results o f th is  study show th a t It Is possible to  Increase th e  residence tim e  In 

the  solar receiver considerably. This can be done by decreasing th e  ve loc ity  In the  

tubes and by reducing the  num ber o f degassing units. Decreasing the  ve loc ity  In 

the  tubes w ill resu lt In substantia l energy and costs savings In design and 

opera tion  o f plants fo r  m icroalgae p roduction  w h ile  reducing the  am ount o f 

degassing units to  m in im ize th e  tim e  o f darkness to  w hich th e  algae are exposed, 

may result In higher p roductiv ity  The tu rbu lence  created by the  ve loc ity  Is 

Im portan t to  avoid the  risk o f algae deposition In the  tube  walls which can lead to  

b lo foullng. W hen reducing the  velocity, the  cost w ill be reduced bu t one should 

be aware th a t th e  risk o f b lo fou llng  w ill Increase.
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6.2. Reducing the costs for degassing will reduce the overall 
costs
The presented studies ind icate th a t the  energy requirem ents fo r  rem oving oxygen 

by degassing in closed photob ioreactors can be substantia lly  reduced. A t constant 

sub-saturating light in tensities it is possible to  opera te  at oxygen concentra tion  o f 

4 tim es air sa turation by restoring th e  C 0 2/ 0 2 ra tio  th rough  increasing PCo2- 

Under dynam ic oxygen concentrations, the  inh ib ito ry  e ffect o f oxygen on the  

specific g row th  rate o f Neochloris oleoabundans was no t found. M oreover; the  

residence tim e  o f the  algae at high oxygen concentra tion  could be increased up to  

10 tim es w ith o u t scrutin izing th e  g row th  rate. In fact, th e  exposure o f the  algae 

cells to  dark periods in th e  degasser had a bigger negative im pact than the  

exposure to  high oxygen concentra tion  as such.

6.2.1. Biomass productivity costs -  base case

From the  analysis o f th e  above m entioned studies, it was concluded th a t the  

energy inpu t fo r  m ixing and degassing in tubu la r pho tob io reac to r systems could 

considerably be reduced. The effects o f reducing the  energy inpu t on the  overall 

energy balance as well as on the  overall p roduction  costs w ere evaluated using 

the  econom ic m odel developed by Norsker e t al. (2011). The m odel was 

developed to  calculate the  energy and costs associated to  m icroalgal biomass 

production  in the  Netherlands fo r  th ree  d iffe re n t systems at 100 ha scale. One o f 

the  systems was the  horizonta l tu bu la r pho tob io reacto r. This analysis resulted in a 

cost price o f 4.15 € per Kg o f biomass, and a negative net energy balance (25.5 MJ 

kgDW"1) fo r  production  o f algae biomass in these systems. All calculations w ere 

based on the  assum ption th a t the  pho tosyn the tic  e ffic iency in the  tu bu la r system 

was 3% resulting in a areal p roductiv ity  o f 41.41 to n  ha"1 yr"1 (Norsker et al., 2011). 

This value w ill be used as our base case.

6.2.2. Effect of increasing the C 02/ 0 2on biomass production costs

In the  model the  areal p roductiv ity  was used as inpu t param eter. The areal 

p roductiv ity  was calculated using th e  measured biomass yield on ligh t YXiPh (g m ol- 

ph"1) th a t was measured in th e  previous studies (Sousa et al., 2012), com bined 

w ith  the  yearly solar inpu t o f ligh t in th e  Netherlands. The European Database o f
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Daylight and Solar Radiation reports  a to ta l solar rad ia tion o f 3 .6 2 x l0 13 J h a 'V ea r'1 

in the  Netherlands and 42.3% o f th is  solar irradiance can be used fo r 

photosynthesis (PAR, 400-700 nm wavelength), resulting in an average irradiance 

o f 1 .5 3 x l0 13 J ha"1 year"1 on PAR light. Assuming an average wavelength o f 550 

nm, the  average energy con ten t o f one m ole o f photons in the  PAR range o f ligh t 

is 2.18x10s J m ol-ph"1. This means an average yearly photon  flu x  o f about 7 .0 2 x l0 7 

moles o f PAR photons per ha. In our lab-scale experim ents at sub-saturating ligh t 

cond itions and a partia l oxygen pressure o f 0.21 bar, a biomass yield YXiPh o f 1.04 g 

m ol-ph"1 was found  (Sousa e t al., 2012). Combined w ith  the  average yearly photon 

flu x  o f 7.02 X  IO7 moles o f PAR photons per ha, th is  can be transla ted  in an aerial 

p roductiv ity  o f 73 ton.ha^.year"1. It is opportune  to  m ention  th a t th e  specific 

g row th  rates reported  by Sousa e t al. (2012) are com parable w ith  the  g row th  

rates found  by Pruvost et al. (2009). The biomass yields measured by Sousa e t al. 

(2012) w ere  nevertheless higher than  those found  by Pruvost e t al. (2009). This 

shows th a t N. oleoabundans  exhibits high biomass yields w hen grown on a m arine 

salt w a te r m edium  or on a freshw ate r BBM m edium  as used by Pruvost and 

coworkers. This outcom e is no t surprising since N. oleoabundans  (UTEX 1185) has 

been isolated from  an arid soil (Guiry, 2011). It is then  necessary to  take th is  in 

consideration when looking at th e  results o f th is  study. The areal p roductiv ities 

calculated from  the  measured biomass yields g reatly exceed the  value used in the  

base case. The values fo r  the  areal p roductiv ities w ere  substitu ted  in the  

econom ic m odel and the  biomass p roduction  costs and energy w ere calculated 

fo r  an algal p roduction  fa c ility  w ith  100 hectares o f tu bu la r photob ioreactors. It is 

necessary to  take in to  account th e  measured biomass yield on ligh t energy. The 

biomass yield on light energy measured at low  partia l oxygen pressure was 1.04 g 

m ol-ph"1 (Po2=0.21 bar | PCo2=0.007 bar) bu t dropped to  0.73 g m ol-ph"1 at high 

partia l oxygen pressure (PO2=0.84 bar | PCo2=0.007 bar). Upon add ition  o f NaHC03 

it increased again to  0.92 g.m ol-ph"1 (PO2=0.84 bar | PCo2=0.02 bar) resulting in an 

areal p roduc tiv ity  o f 65 to n .h a '^y r'1. To achieve the  p roductiv ity  o f 65 to n  ha"1 yr"1 

under a partia l oxygen pressure o f 0.84 bar (400% air sa turation) the  C 0 2 partia l 

pressure was increased from  0.007 bar to  0.02 bar by increasing th e  NaHC03 

concentra tion  in the  m edium  (Sousa e t al., 2012). The add itiona l costs fo r  the  

extra C 0 2 should be taken in to  account when de term in ing  the  overall costs. The
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overall biomass p roduction  cost using 3 tim es m ore carbon dioxide bu t w ork ing  at 

Po2=0.84 bar w ith  Neochloris o leoabundans  w ith  a biomass yield on ligh t energy 

under th is  circumstances o f 0.92 g m ol-ph"1 is 3.60 € per kg. This is 13% less than 

calculated fo r  the  base case (4.15 € per kg). The net energy balance in these 

circumstances im proved bu t is still negative (-6.73 MJ kgDW"1).

6.2.3. Biomass productivity costs -  increase the length of the tubes 

/  decrease the velocity in the tubes.

In the  lab-scale experim ents in which we m im icked the  dynam ically changing 

oxygen concentra tion  th a t the  algae experience in th e  tu bu la r system, we 

observed th a t th e  g row th  rate was hardly affected and th a t the  algae are able to  

w ithstand  10 tim es longer residence tim es in th e  tubes at e levated oxygen 

concentra tions. The residence tim e  in th e  tu be  can be increased by low ering the  

ve loc ity  or by increasing the  length o f the  tubes. Both m ethods w ill lead to  a 

decrease in th e  am ount o f energy needed fo r  m ixing and degassing and in the  

to ta l costs fo r  algae production . Decreasing the  ve loc ity  in th e  tubes w ill increase 

th e  tim e  w hich th e  algae are in the  solar receiver and w ill a llow  the  oxygen to  

build up to  h igher values. Increasing th e  length o f the  tubes w ill as w ell increase 

th e  tim e  in the  solar receiver and a llow  the  oxygen to  build-up to  high 

concentra tions. Taking in consideration th a t th is  w ill no t a ffect th e  g row th  o f 

Neochloris oleoabundans as seen by th e  w ork  on dynam ic oxygen concentrations 

we calculated the  biomass production  cost under these circumstances. W hen 

increasing th e  length o f th e  tubes w h ile  keeping th e  same ve loc ity  in the  tubes, 

th e  biomass p roduction  cost hardly changed. The biomass p roduction  cost only 

decreased from  4.15 € per kg to  4.12C per kg. A lthough Sousa e t al (2013b) state 

th a t a lO x increase o f the  tim e  to  w hich th e  algae are exposed to  sun is possible, 

th e  ve loc ity  in the  tubes was only decreased from  0.5 m s"1 to  0.25 m s"1 as a to o  

high reduction o f the  ve loc ity  m ight result in problem s such as b io film  fo rm a tion  

on th e  reactor walls. Decreasing the  ve loc ity  by a fa c to r o f tw o  results in a 

decrease on the  biomass production  cost o f 4.15 € to  2.84 € per kg. This 32 % 

reduction on the  cost o f biomass p roduction  is m ainly due to  the  required am ount 

o f c ircu lation pumps and decreased energy requ irem ent. In th e  base case analysis 

a negative net energy balance (-25.5 MJ kgDW"1) was found. In th e  present case
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th e  decrease o f th e  ve loc ity  implicates a drastic reduction o f the  energy required 

fo r  recircu lation resulting in a positive net energy balance (+4.2 MJ kgDW"1).

The evaluation o f the  dynam ic oxygen concentra tions in an ou td oo r p ilo t scale 

pho tob io reac to r to  va lidate the  results found  at lab-scale w ou ld  be an interesting 

fo llo w  up to  th is  research. It w ou ld  be in teresting to  investigate to  w hich exten t 

the  ve loc ity  in the  tubes can be decreased to  maxim ize the  energy balance 

w ith o u t excessive problem s w ith  b io fouling. In the  experim ents at dynam ic 

oxygen concentrations, th e  dark periods at which the  algae w ere  exposed w ere 

linked to  th e  decrease o f the  specific g row th  rate. It w ou ld  be in teresting to  study 

th e  e ffect on the  energy balance o f a com bina tion  o f a decrease o f the  ve loc ity  in 

the  tubes and o f an increase in th e  degassing capacity o f the  degasser to  reduce 

the  dark tim e  at w hich th e  algae are exposed.

6 .3 . Conclusions

The tw o  m ethods adopted to  overcom e th e  negative e ffect o f oxygen in 

m icroalgal cultures did result in a decrease in biomass p roduction  costs. At 

constant oxygen concentra tion, w ith  expense o f using m ore carbon dioxide the  

biomass p roduction  cost w ere  reduced by 13 % and did im prove the  net energy 

balance, a lthough it is still negative.

Under dynam ic oxygen concentra tion  the  ve loc ity  can be decreased from  0.5 m s"1 

to  0.25 m s"1 which results in a 32% saving on the  biomass p roduction  cost bu t 

m ore im portan t, it w ill result in a positive energy balance fo r  tubu la r 

photob ioreactors. This evaluation was done w ith o u t taking in consideration 

m ethods to  avoid b io film  deposition on the  photob ioreactors walls, w ha t w ou ld  

be le ft here as a suggestion fo r  fu rth e r research. Evaluation o f the  dynam ic 

oxygen concentra tions in an ou td oo r p ilo t scale pho tob io reacto r in o rder to  

va lidate th e  results found  at lab-scale w ou ld  be an in teresting fo llo w  up to  th is 

research.
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Su m m a r y

Phototrop ic m icroalgae are regarded as a prom ising feedstock fo r  sustainable 

biodiesel production , as m icroalgae can use natura l sunlight as ligh t source and 

are able to  u tilize C 0 2 from  flue  gases and nu trien ts  (P, N) from  waste streams. To 

make large-scale ou td oo r m icroalgae p roduction  in closed photob ioreactors 

econom ically feasib le and sustainable, the  costs fo r  m ixing and degassing should 

be reduced and the  overall energy balance should become positive. The m ixing is 

needed fo r  e ffective  and e ffic ien t supply o f light, provision o f carbon dioxide and 

degassing is needed fo r  th e  rem oval o f photosyn the tica lly  generated oxygen.

This thesis focused on the  e ffect o f th e  accum ulation o f oxygen on the  g row th  o f 

the  oleaginous m icroalga Neochloris o leoabundans  at d iffe ren t ligh t intensities. 

These studies show at w ha t concentra tions oxygen becomes tox ic  fo r  the  algae at 

the  d iffe ren t ligh t conditions encountered during o u td oo r cu ltiva tion . This reveals 

when the  oxygen should be rem oved from  th e  pho tob io reacto r and thus the  need 

fo r  degassing.

The d iffe ren t oxygen levels reached in ou td oo r tu bu la r pho tob ioreacto rs have 

been imposed on Neochloris o leoabundans  w h ile  cu ltured  in a fu lly  contro lled  

stirred  tank reactor, operated in tu rb idos ta t. Under continuous illum ina tion  o f 

200 pm ol m"2 s"1 (sub-saturating ligh t intensity) th e  g row th  rate  o f Neochloris 

oleoabundans at the  th re e  oxygen partia l pressures (Po2= 0.24; 0.63; 0.84) was 

1.38; 1.36 and 1.06 day"1 respectively was measured. A t th e  oxygen partial 

pressure o f 0.84 bar th e  carbon d ioxide partia l pressure (PCo2) was increased from  

0.007 to  0.02 bar to  see if the  inh ib iting  e ffect o f pho toresp ira tion  could be 

overcom e. Indeed, the  add ition  o f carbon d ioxide resulted in an increase o f the  

g row th  rate from  1.06 to  1.36 day '1. The increase o f specific g row th  rate 

confirm ed th a t pho toresp ira tion  was taking place and th a t th is  negative e ffect can 

be overcom e by restoring the  C 0 2/ 0 2 ratio . In Chapter 3 the  e ffect o f partia l 

oxygen pressure on g row th  o f Neochloris oleoabundans was studied at near- 

sa turating ligh t in tensity  in a fu lly -con tro lled  pho tob io reacto r. A t the  partia l 

oxygen pressures tested (Po2= 0.24; 0.42; 0.63; 0.84 bar), the  specific g row th  rate 

was 1.36; 1.16; 0.93 and 0.68 day '1, respectively. An increase o f the  PC02 from
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0.007 to  0.02 bar at Pq2 o f 0.84 bar at these higher ligh t intensities, however, did 

no t show any positive e ffect on the  overall g row th  o f the  algae, con tra ry  to  w ha t 

happens at sub-saturating ligh t intensities. These results ind icate th a t at 

sa turating ligh t in tens ity  th e  inh ib ito ry  e ffect o f oxygen by pho toresp ira tion  

cannot be overcom e and th a t pho to inh ib ition  effects prevailed. The chlorophyll 

con ten t o f Neochloris oleoabundans g row n at 200 pm ol m"2 s'1 is about 1.9 tim es 

higher than when cu ltiva ted  at 500 pm ol m"2 s"1, whereas th e  caroteno id  con ten t 

was about 1.6 lower, both  dem onstra ting  photoacclim ation  effects. The elevated 

oxygen concentra tion  in the  g row th  m edium  as such do no t a ffect th e  p igm ent 

con ten t at sub- and near saturating ligh t conditions. This indicates th a t elevated 

oxygen concentra tions in th e  m edium  do no t con tribu te  to  m ore photo  oxidative 

damage at th e  higher ligh t cond itions used, bu t th a t oxygen only inh ib its the  

g row th  via pho to  resp ira tion effects.

M icroalgae grow n in closed pho tob ioreacto rs do no t experience constant high 

concentra tions o f oxygen. In closed tu bu la r photob ioreactors, the  oxygen 

concentra tions increase over the  tubes due to  photosynthesis and drops in the  

degasser w here  the  surplus o f oxygen is rem oved. In add ition , the  algae are 

exposed to  th e  ligh t w h ile  residing in th e  tubes and are exposed to  darkness in the  

degasser. In Chapter 4, the  dynam ically changing oxygen concentra tions and 

subsequent ligh t conditions w ere sim ulated in a CSTR at fu lly  contro lled  

cond itions at sub-saturating ligh t in tens ity  and the  e ffect on the  g row th  o f 

Neochloris o leoabundans  was studied at near-saturating ligh t in tensity. In 

add ition, th e  e ffect o f a 10 tim es e longation o f the  residence tim e  at in the  solar 

receiver was investigated. In th is  study, 3 d iffe ren t ligh t regimes w ere used: 

continuous light; 30 m inutes light on fo llow ed  by 6 m inutes ligh t o ff and 300 

m inutes ligh t on fo llow ed  by 6 m inutes ligh t o ff. The specific g row th  rate 

measured at constant low  oxygen concentra tion  PO2=0.21 bar during these 3 light 

regimes were; 1.14 ± 0.06 day"1; 0.80 ± 0.16 day"1 and 1.09 ± 0.05 day"1 

respectively. The e ffect o f dynam ically changing oxygen concentra tions from  

Po2=0.21 bar to  PO2=0.63 bar fo llow ed  by subsequent degassing to  PO2=0.21 bar 

during the  dark period resulted in s im ilar specific g row th  rates. The decrease o f 

th e  algae specific g row th  observed w hen applying d iffe ren t ligh t regimes, shows 

th a t the  exposure o f the  algae cells to  dark periods in the  degasser has bigger
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negative im pact than the  tem pora ry  exposure to  accum ulating oxygen 

concentra tions in the  solar receiver. In chapter 5 a sim ulation o f th e  dynam ic 

oxygen concentra tions fe lt by the  m icroalgae in tu bu la r photob ioreactors under 

high ligh t intensities was studied as a fo llo w  up o f chapter 4. W hen the  algae w ere 

exposed to  constant oxygen concentra tion  and constant high ligh t the  specific 

grow  rate  was 1.29 ± 0.08 day"1. Using a ligh t regime o f 30 m inutes o f ligh t ON 

fo llow ed  by 6 m inutes lights OFF and degassing resulted in a specific g row th  rate 

o f 0.84 ± 0.09 day"1, the  e longation o f th e  tim e  (lights ON) to  300 m inutes resulted 

in 1.18 ± 0.05 day '1. W hen dynam ically changing oxygen concentra tions w ere 

applied, s im ilar specific g row th  rates w ere  obta ined. These results ind icate th a t 

th e  algae do no t experience the  expected pho to-oxidative  inh ib ition  caused by 

high oxygen concentra tion  in com bina tion  w ith  high light, as long as the  oxygen is 

rem oved via regular degassing. The tem pora ry  exposure o f the  algae to  the  

darkness in th e  degasser has m ore im pact on th e  p roductiv ity  as it has under low 

light.

The removal o f oxygen in a degasser no t on ly requires energy bu t it also reduces 

th e  overall p roductiv ity , as photosynthesis ceases w hen the  algae reside in the  

dark zone o f the  degasser. C hapter 6 is a general discussion about the  

im p lem en ta tion  o f our main findings o f th is  thesis. The effects o f reducing the  

energy inpu t fo r  degassing and m ixing on the  overall energy balance as well as on 

th e  overall p roduction  costs w ere  evaluated using an econom ic model. The model 

was used to  calculate the  energy and costs associated to  m icroalgal biomass 

production  in the  Netherlands fo r  th ree  d iffe ren t systems at 100 ha scale. The tw o  

m ethods adopted to  overcom e th e  negative e ffect o f oxygen in m icroalgal 

cultures did resu lt in a decrease in biomass p roduction  costs. M oreover, it showed 

th a t using our findings a positive energy balance fo r  ou td oo r p roduction  o f 

Neochloris o leoabundans  in closed photob ioreactors can be reached.
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Sa m e n v a t t in g

Fototro fe  m icroalgen w orden ais veelbelovende g rondsto f voor duurzame 

b iodieselproductie  beschouwd, aangezien m icroalgen zonlicht ais lich tb ron , C 0 2 

u it rookgassen en nu triën ten  (P, N) u it a fvalstrom en kunnen gebruiken. Om de 

ou tdoor-m icroa lgenproductie  in gesloten fo tob io reacto ren  econom isch a ttrac tie f 

en duurzaam te  maken, m oeten de kosten voor het mengen en het ontgassen 

omlaag w orden gebracht en de algehele energiebalans m oet pos itie f w orden. Het 

mengen is nodig om het lich t e ffe c tie f en e ffic iën t te  verspreiden en voor het 

toed ienen van koolsto fd ioxide. Het ontgassen is nodig om het fo tosynthetisch  

geproduceerde zuursto f te  verw ijderen.

Dit p roe fsch rift rich t zich op de e ffecten van de ophoping van zuurstof op de groei 

van de vet-ophopende m icroalgen Neochloris o leoabundans  bij verschillende 

lich tin tens ite iten . Deze studies laten zien bij welke concentraties zuurstof toxisch 

w o rd t voor de algen bij verschillende lich tin tens ite iten  die de algen gedurende de 

o u tdoo r-p roductie  ondervinden. Dit geeft aan w anneer de zuursto f ve rw ijde rd  

m oet w orden u it de fo to b io re ac to r en dus w anneer ontgassen nodig is.

De verschillende niveaus van lich tin tens ite iten  die in buisvorm ige ou tdoo r- 

fo tob io reac to ren  gehaald w orden, w erden Neochloris o leoabundans  opgelegd 

te rw ijl deze gekw eekt w erd in een vo lledig gecontro leerde en goed geroerde 

tankreacto r in tu rb idos ta t. Onder continue belichting van 200 pm ol m 2 s'1 

(subverzadigde lich tin tens ite it) w erd  bij d rie  verschillende partië le  

zuurstofspanning (Po2= 0,24; 0,63; 0,84) een specifieke groeisnelheid van 1,38; 

1,36 en 1,06 dag"1 gem eten. Bij de partië le  zuurstofspanning van 0,84 bar w erd de 

partië le  koolstofd ioxidespanning (PCo2) verhoogd van 0,007 to t  0,02 bar om te  

testen o f de rem m ende effecten van de fo to resp ira tie  overw onnen kunnen 

w orden. De toevoeging van koolsto fd iox ide  resu lteerde inderdaad in een 

toenam e van de specifieke groeisnelheid van 1,06 to t  1,36 dag"1. De toenam e in 

de specifieke groeisnelheid bevestigt dat fo to resp ira tie  plaatsvond en dat het 

negatieve e ffect van fo to resp ira tie  overw onnen kan w orden door de C 0 2/ 0 2 

verhouding in het m edium  te  herstellen. In hoofdstuk 3 w erd  het e ffect van de 

partië le  zuurstofspanning op de groei van Neochloris o leoabundans  getest onder
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bijna-verzadigde lich tin ten s ite it in een com pleet gecontro leerde  fo tob io reac to r. 

Bij de partië le  zuurstofspanningen (Po2= 0,24; 0,42; 0,63; 0,84 bar) die getest 

w erden, was de specifieke groeisnelheid 1,36; 1,16; 0,93 en 0,68 dag"1. Een 

verhoging van de PCo2 van 0,007 to t  0,02 bar b ij een P02 van 0,84 bar b ij deze 

hogere lich tin ten s ite it had geen pos itie f e ffec t op de to ta le  groei van de algen in 

tegenste lling  to t  w a t er bij subverzadigde lich tin tens ite iten  gebeurde. Deze 

resu ltaten geven aan dat bij verzadigde lich tin tens ite iten  het rem m ende e ffect 

van de fo to resp ira tie  n ie t m eer overwonnen kan w orden en dat fo to in h ib it ie - 

e ffecten de overhand hebben. Het ch lo ro fy lgeha lte  van Neochloris oleoabundans 

d ie gekw eekt was bij 200 pm ol m"2 s"1, was 1,9 keer hoger dan het gehalte van de 

cellen die b ij 500 pm ol m"2 s"1 waren gekweekt, te rw ijl het carotenoïdegehalte  1,6 

keer lager was; beide zijn u itingen van fo toacclim a tisa tie -e ffecten. De verhoogde 

zuursto fconcentra tie  in het groeim edium  had geen e ffect op het p igm entgehalte  

b ij sub- and bijna-verzadigde lich tin tens ite iten . D it to o n t aan dat verhoogde 

zuurstofconcentraties in het m edium  geen extra fo to -ox ida tieve  schade bij de 

hogere lich in tens ite it veroorzaken, maar dat zuursto f alleen rem m end w e rk t via 

fo to resp ira tie .

M icroalgen die in gesloten fo tob io re a to ren  groeien, ondervinden geen constante 

hoge concentraties van zuurstof. In gesloten buisvorm ige fo tob io reac to ren  neem t 

de zuursto fconcentra tie  gele ide lijk  to e  over de lengte van de buis to e  door 

fo tosynthese om in de ontgasser snel af te  nemen ais het overschot aan zuursto f 

actie f ve rw ijde rd  w ord t. Daarnaast zijn de algen aan het lich t b lootgeste ld  te rw ijl 

ze in de buisvorm ige reactor b lijven en zijn ze aan com ple te  duistern is 

b lootgeste ld in de ontgasser. In H oofdstuk 4  werden de dynamisch veranderende 

zuurstofconcentraties en de daarm ee gepaard gaande lich tcond ities gesimuleerd 

in een CSTR onder vo lledig gecontro leerde condities bij subverzadigde 

lich tin tens ite it. Verder w erden de effecten op de groei van Neochloris 

oleoabundans  bij b ijna-verzadigde lich tin tens ite iten  bestudeerd.

Daarnaast w erd het e ffect van een verlenging van de ve rb lijfs tijd  in de 

zonnecollector m et een fa c to r 10 onderzocht. In deze studie w erden drie 

verschillende lichtregim es gebru ikt: continu licht, 30 m inuten  " lich t aan" gevolgd 

door 6 m inuten  " lich t u it"  en 300 m inuten  " lich t aan" gevolgd door 6 m inuten 

" lich t u it". De specifieke groeisnelheid w erd  tijdens de drie  verschillende
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lichtreg im es en b ij de constante lage zuursto fconcentra tie  van PO2=0.21 bar 

gem eten en was respectievelijk 1,14 ± 0,06 dag"1; 0,80 ± 0,16 dag"1 en 1,09 ± 0,05 

dag'1. Het e ffect van de dynamisch veranderende zuurstofconcentraties van 

Po2=0,21 bar to t  PO2=0,63 bar, gevolgd door het ontgassen to t  PO2=0,21 bar 

tijdens de donkere periode, resu lteerde in dezelfde specifieke groeisnelheid. De 

verlaging van de specifieke groeisnelheid van de algen w erd vastgesteld w anneer 

verschillende lich t regimes gebru ik t werden. U it de resu ltaten bleek dat het 

t ijd e lijk  b lootste llen  van de algen aan donkere periodes in de ontgasser een g ro te r 

negatie f e ffec t hee ft dan het tijd e lijk  b lootste llen  aan oplopende 

zuurstofconcentraties in de zonnecollector.

In hoofdstuk 5 werd de sim ulatie  van de dynamische zuurstofconcentraties die 

ondervonden w orden door de m icroalgen in buisvorm ige fo tob io reac to ren  onder 

hoge lich tin tens ite it bestudeerd, ais vervolg op hoofdstuk 4. W anneer de algen 

aan constante zuurstofconcentraties en aan constante hoge lich tin tens ite iten  

b lootgeste ld waren, was de specifieke groeisnelheid 1,29 ± 0,08 dag'1. W anneer 

een lichtreg im e van 30 m inuten  " lich t aan" gevolgd door 6 m inuten  " lich t u it"  en 

ontgassen toegepast w erd, resulteerde d it in een specifieke groeisnelheid van 

0,84 ± 0,09 dag'1, en de verlenging van de t ijd  (" lich t aan") to t  300 m inuten 

resu lteerde in een groeisnelheid van 1,18 ± 0,05 d a g 1. W anneer de algen w erden 

b lootgeste ld aan dynamisch veranderende zuurstofconcentratie , w erd dezelfde 

groeisnelheid gem eten. Deze resu ltaten tonen  aan dat algen de fo toox ida tieve  

inh ib itie  n ie t ervaren door hoge zuursto f concentraties in com binatie  m et hoge 

lich tin tens ite it, zolang de zuurstof regelm atig ve rw ijde rd  w o rd t door m iddel van 

ontgassen. De tijde lijke  b loo ts te lling  van de algen aan de duistern is in de 

ontgasser heeft m eer e ffect op hun p ro du c tiv ite it dan de b loo ts te lling  aan lage 

lich tin tens ite iten . Het ve rw ijderen  van zuursto f in een ontgasser ve rb ru ik t n ie t 

alleen energie, m aar het reduceert ook nog de to ta le  p roduc tiv ite it, om dat de 

fo tosynthese ophoudt w anneer de algen in de donkere zone van de ontgasser 

verb lijven.

H oofdstuk 6 is een algemene discussie over de im p lem enta tie  van onze 

hoofdbevindingen u it d it p roefschrift. De e ffecten van het reduceren van de 

gebru ikte  energie voor het ontgassen en mengen op de to ta le  energiebalans en 

de to ta le  p roductiekosten werden in een econom isch m odel geëvalueerd. Dit
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m odel w erd gebru ik t om de energie en de kosten b ijbehorend aan de 

m icroalgenbiom assaproductie  in Nederland voor drie  verschillende systemen op 

een schaal van 100 ha te  berekenen. De tw ee  m ethodes die overgenom en werden 

om de negatieve e ffecten van zuursto f in m icroalgencu lturen te  overw innen, 

resulteerden in een verlaging van de b iom assaproductiekosten. Bovendien toonde  

de analyse aan dat w anneer onze bevindingen gebru ik t w orden, een positieve 

energiebalans voor de ou tdoo r-p roductie  van Neochloris oleoabundans in 

gesloten fo tob io reacto ren  bere ik t kan w orden.
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SUMÁRIO

As microalgas fo tó tro ficas  sao consideradas urna fo n te  prom issora de m atéria- 

prim a para a produçao sustentável de biodiesel, devido ao uso da luz solar natural 

como fo n te  energética e utilizaçao do C 0 2 proven ien te  de gases de com bustäo e 

nu trien tes (P, N) obtidos pela degradaçao biológica de residuos. Para que a 

produçao em larga escala de microalgas em fo tob io rrea to res  seja 

económ icam ente viável e sustentável, os custos da m istura e desgaseificaçao 

deveräo ser m inim izados e o balanço energético global deve ser positivo. A 

m istura é necessária para o fo rnec im en to  e fic iente  de luz e d ióxido de carbono, 

enquanto a desgaseificaçao é necessária para a rem oçao de oxigénio gerado 

fo tossin te ticam ente .

O estudo e fectuado centra-se no im pacto da acumulaçao de oxigénio no 

crescim ento da m icroalga oleaginososa Neochloris o leoabundans  sob d iferentes 

intensidades de luz. A investigaçao efectuada dem onstrou quais as concentraçôes 

de oxigénio que se to rnam  tóxicas para as algas, ñas d iferentes condiçôes de luz 

que podem ser verificadas no cu ltivo  ao ar livre. Foi ainda identificado o tim ing  

ideal para a rem oçao de oxigénio do fo tob io reac to r, bem como a consequente 

necessidade de desgaseificaçao da cultura.

Foram testados d iferentes níveis de oxigénio que sao atingidos na produçao de 

m icroalgas Neochloris oleoabundans  em fo tob io rrea to res  tubu lares dispostos ao 

ar livre, num reactor tanque perfe itam ente  agitado em condiçôes controladas e 

regim e de tu rb ido s ta to . Sob ilum inaçao continua de 200 m"2 s"1 (intensidade de luz 

sub-saturante), a taxa específica de crescim ento da Neochloris o leoabundans  fo i 

de 1,38; 1,36 e 1,06 dia"1, m edida a trés d iferentes pressöes parciais de oxigénio 

(Po2= 0.24; 0.63 e 0.84 respectivam ente). À pressäo parcial de oxigénio de 0,84 

bar, a pressäo parcial de d ióxido de carbono (PCo2) fo i aum entada de 0,007 para 

0,02 bar, visando testa r se o e fe ito  in ib ido r da fo to rresp iraçao poderia ser 

superado. Verificou-se que a adiçao de d ióxido de carbono resultou num aum ento 

da taxa específica de crescim ento, de 1,06 para 1,36 dia"1. O aum ento da taxa 

específica de crescim ento confirm ou que a fo to rresp iraçao ¡nibe o crescim ento, e 

que esse e fe ito  negativo pode ser superado restaurando a relaçao C 0 2/ 0 2.
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No capítulo 3 descreve-se o e fe ito  da pressäo parcial de oxigénio no crescim ento 

da m icroalga Neochloris o leoabundans  a urna intensidade da luz near-saturante 

num fo to b io re ac to r em condiçôes controladas. Ás pressöes parciais de oxigénio 

testadas (Pq2 = 0,24, 0,42, 0,63, 0,84 bar), a taxa específica de crescim ento fo i de 

1,36, 1,16, 0,93 e 0,68 dia"1, respectivam ente. Um aum ento de PCo2 de 0,007 para 

0,02 bar sob Pq2 0,84 bar a esta intensidade de luz mais fo rte , nao m ostrou 

qua lquer e fe ito  positivo sobre o crescim ento global das algas, ao contrário  do que 

acontece em intensidades sub-saturantes. Estes resultados indicam que a 

intensidades de luz saturantes, o e fe ito  in ib itó rio  do oxigénio por fo to rresp iraçao 

näo pode ser superada e que os efe itos da fo to in ib içao  prevalecem. O te o r de 

clorofila  de Neochloris o leoabundans  cultivada sob 200 pm ol m '2 s"1 é cerca de 1,9 

vezes m aior do que quando cultivada a 500 pm ol m"2 s"1, enquanto que o te o r de 

carotenóides é cerca de 1,6 m enor; dem onstrando efe itos de fo toaclim ataçâo. A 

elevada concentraçâo de oxigénio no m eio de cu ltura, por si só, nao afecta o te o r 

em pigm entos sob condiçôes de luz sub-saturantes e near-saturantes . Isto indica 

que concentraçôes elevadas de oxigénio nao contribuem  para o aum ento de 

danos fo to -ox ida tivos no meio, nas condiçôes de luz mais elevadas utilizadas, mas 

que o oxigénio apenas ¡nibe o crescim ento por m eio de efe itos de fo to-resp iraçâo.

As microalgas cultivadas em fo tob io rrea to res  näo estäo expostos a altas 

concentraçôes de oxigénio constantes. Em fo tob io rrea to res  tubu lares, as 

concentraçôes de oxigénio aum entam  ao longo dos tubos devido à actividade 

fo tossin té tica , d im inu indo  no desgaseificador, onde o excedente de oxigénio é 

rem ovido. Além disso, as algas estäo expostas à luz enquanto  no in te rio r dos 

tubos, e no escuro quando no desgaseificador. No capítulo 4, as concentraçôes de 

oxigénio d inám icam ente variáveis e conséquentes condiçôes de luz foram  

simuladas num CSTR a condiçôes controladas sob intensidade de luz sub- 

saturante  e near- saturante, tendo  sido estudado o e fe ito  sobre o crescim ento da 

Neochloris oleoabundans. Ad ic ionalm ente, fo i avaliado o e fe ito  de um 

a longam ento de 10 vezes o tem po  de permanéncia no receptor solar. Neste 

estudo fo ram  utilizados 3 regimes d iferentes: de luz continua: 30 m inutos de luz 

seguidos de seis m inutos de escuro, e 300 m inutos de luz seguidos de seis 

m inutos de auséncia de luz. A taxa específica de crescim ento m edida à 

concentraçâo de oxigénio constante de PO2=0.21 bar duran te  os 3 regimes de luz
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fo ram  respectivam ente de 1,14 ± 0,06 dia"1; 0,80 ± 0,16 d ia '1 e 1,09 ± 0,05 dia"1. O 

e fe ito  de alteraçâo dinám ica de concentraçâo de oxigénio, de PO2=0.21 bar para 

Po2=0.63 bar, fo i seguido de subséquente desgaseificaçao para PO2=0.21 durante  o 

período de auséncia de luz, tendo  resultado em taxas específicas de crescim ento 

semelhantes. A d im inu içao da taxa especifica de crescim ento observada quando 

aplicados regimes de luz d iferentes dem onstra que a exposiçao das algas a 

períodos de escuridäo no desgaseificador tem  m aior im pacto negativo do que a 

exposiçao tem porá ria  a altas concentraçôes de oxigénio no recepto r solar. No 

capítulo 5 descreve-se o estudo de urna simulaçao das concentraçôes de oxigénio 

dinámicas sentida pelas microalgas em fo tob io rrea to res  tubu lares sob 

intensidades de luz elevadas. Quando as algas fo ram  expostas a concentraçâo de 

oxigénio constante e luz elevada constante, a taxa específica de crescim ento fo i 

de 1,29 ± 0,08 dia"1. Num regime de luz de 30 m inutos seguidos de 6 m inutos de 

luz desligada e desgaseificaçao, a taxa de crescim ento observada fo i de de 0,84 ± 

0,09 dia"1. O pro longam ento  de tem po  (luzes acesas) para 300 m inutos resultou 

em 1,18 ± 0,05 dia"1. Quando impostas concentraçôes de oxigénio dinámicas, 

fo ram , obtidas taxas específicas de crescim ento semelhantes . Estes resultados 

indicam que as algas näo experim entam  a inibiçao fo to -ox ida tiva  esperada, 

causada pela alta concentraçâo de oxigénio em combinaçao com a luz elevada, 

desde que o oxigénio seja rem ovido através de desgasificaçao regular. A 

exposiçao tem porá ria  das algas ao escuro no desgaseificador tem  mais im pacto 

sobre a p rodutiv idade, ta i como aconteceu sob intensidades de luz mais baixas.

A rem oçao de oxigénio no desgaseificador näo só requer energía como tam bém  

reduz a p rodutiv idade global, sendo que a fotossíntese cessa quando as algas se 

encontram  na zona escura do desgaseificador. No capítulo 6 d¡scute-se a 

im plem entaçâo das principáis conclusöes deste estudo. Foram avaliados os 

efe itos da reduçâo da energía necessária para a desgaseificaçâo e m istura no 

balanço global de energía, bem como sobre os custos globais de produçâo, 

utilizando um m odelo económ ico. O m odelo fo i usado para calcular a energía e os 

custos associados à produçâo de biomassa de m icroalgas nos Países Baixos, em 

trés sistemas d iferentes, a urna escala de 100 ha. As duas m etodologías utilizadas 

para superar o e fe ito  negativo do oxigénio em culturas de microalgas resultaram  

numa d im inu içâo dos custos de produçâo de biomassa. Os resultados alcançados
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neste estudo dem onstram  ser possível a ting ir um balanço energético positivo na 

produçao de microalgas Neochloris o leoabundans  em fo tob io rrea to res  dispostos 

ao ar livre.
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saberem dizer nâo e m ostrarem -m e quando estava errada. Esta tese näo é m inha, 

é nossa! Obrigada p o r tu d o !
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O v e r v ie w  of c o m p lete d  t r a in in g  a c t iv it ie s .

Discipline specific activities

Advanced Course on M icrobia l Physiology and Ferm entation Technology (2010) 
B ioreactor Design and O peration (2010)
Solar Biofuels from  M icroorganism s (2009)
W etsus them e m eetings (2009, 2010, 2011 &  2012)

General courses

W orking  Safely in Laboratories (2011)
PhD scientific w ritin g  (2010)
PhD presenta tion skills (2009)
VLAG PhD w eek (2009)

Conferences

1st In te rnationa l Algal Conference, Am sterdam , The Netherlands (2008)
4th Congress o f the  In te rnationa l Society fo r  Applied Phycology (ISAP), Halifax, 
Nova Scotia, Canada (2011)
W etsus congress (2009, 2010, 2011 &  2012)

Optionals

PhD excursion Spain (2012)
PhD excursion USA (2010)
W etsus w a te r challenge (2009)
Preparation p ro ject proposal (2008)

Teaching

Bioprocess design - w ork ing  classes
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